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!''0(3sut  L‘ii:cnts  of  tlie  intr  insic  L-rtios ,  I't-rmi  ttivi  ty  ond 

porr.cabi  1  i ty  of  radar  absorber  desiijn  li.alerials  ■,.!iuse  i  ioj  urlies  clianje 
relatively  slov;ly  with  frequency  can  presently  be  i.-.de  ever  two  or  rvt;n 
tiirce  (lee<','!es  of  frcqiitncy  using  a  tiine  doiiiain  system.  Sueh  a  system 
was  dtrvcloj.ed  for  the  Air  force  Avionics  l  aboratory  by  the  Sperry 
Corporate  Research  Center.  However,  this  time  duisain  techni<>ue  is  liiaited 
to  frequency  liieasure/i.ents  below  16  gigahertz  (CHz). 

This  thesis  is  the  documentation  of  a  final  autoiiated  r <:[w;ri;i ental 
setup  for  ineasureiiient  in  the  Ku  band  (12.4  -  18  GHz)  used  to  de'i>onstrate 
the  feasibility  of  a  possible  frequi  ncy  domain  ii.casu remen t  technique  to 
extend  intrinsic  property  mcasui'ivicnts  up  to  100  GHz. 

The  prospect  of  experiisental  work  in  the  Air  Force  Avionics 
1  .ibui'etory ,  coupled  with  a  project  in  the  occa  of  eli-cti'i'w:  agfietics , 
presented  a  thesis  topic  ideally  suited  to  my  desires.  The  application 
of  Maxwell 's  equations  to  the  study  of  microwave  absorber  materials 
us(,-d  to  reduce  tlie  radar  cross  section  of  aircraft  is  a  logical 
extension  of  my  education  in  electronic  warfare. 
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Ahs tract 


Using  f rngui.iicy  U'ar  .iin  tt-Liaiigaos ,  a  systoni  v.as  'icveloped  to  nfasure 
tti’e  complex  ’permittivity  nid  put  i:  oabi  1  i  ty  of  difft.rcnt  imiterials  in  the 
liu  t'and  (l?.4  to  18  GHz).  A  sample  of  fiberglass,  teflon,  FGM-''0,  r.nd 
iv.o  diffet'cnt  plt’xigla.s  (  onfigurations  were  chosen  for  this  experi;  cnt. 

The  newly  developed  measuring  system  consisted  of  a  two  hor i zon tal -  pi ane 
sectoral  horn  and  a  saisple  holder  asrr-mbly.  A  9.5  x  0.8  cm  piece  of  the 
satsple  material  was  cut  and  fitted  into  the  sample  holder  assembly.  The 
reflection  and  transmission  coefficients  for  the  Sfonple  were  measured, 
using  a  network  analyzer  and  frequency  synthesizer  as  the  swept  frequency 
signal  source.  A  dedicated  computer  calculated  the  complex  permittivity 
and  permeability  and  plotted  the  output  data..  The  measurements  were  per¬ 
formed  automatically  by  having  the  coi'puter  c;>ntrol  the  frequency  synthe¬ 
sizer  while  running  the  experiment. 

The  two  configurations  of  plexiglas  and  the  fiberglass  sai'ple  were 
tested  ten  times  to  obtain  a  statistical  representation  of  the  results.^ 

In  all  cases  good  repeatabil ity  was  obtained.  The  standard  deviation  of 
the  real  part  of  the  permittivity  and  permeability  for  the  two  cases  of 
plexiglas  was  within  +  4«  of  the  mean.  The  fiberglass  had  a  typical  stan¬ 
dard  deviation  within  +  78  of  the  mean  for  the  real  part  of  the  permit¬ 
tivity  and  penir abi  1  i ty . 

V 

'■‘The  permittivity  and  permeability  obtained  for  the  selected  samples 
using  the  frequency  domain  measurement  techmique  were  compared  with  the 
results  obtained  in  a  previously  developed  system  which  used  tiiiie  domain 
techniques.  The  data  comparison  between  the  two  systems  was  good  for 
teflon,  plexiglas,  and  fiberglass  in  the  frequency  range  from  12.4  to — ^ 


XI 


16  GHz.  ?o:iie  variations  were  noted  for  Uio  [GM-'IO, 


Since  ttie  results 


obtained  wore  (jemral  ly  (onsislent  between  both  techniques,  it  is  daisied 
that  the  newly  inpl  c  ist  tit  ed  frequency  domain  system  is  a  viable  al  terriati  ve 
for  the  rapid  ineasuroituuit  of  ititrinsic  properties  in  the  Ku  band. 
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I  .  ^ !i r ]  1  ■•! ,i I  1  i un 

riic  .1  i  I’l  i  (  I  i  I'n  of  i\:,! '.r  of'oi 'oi  r  r.Mci'ial  to  Iho  c  (aic  i  a  I  .ont 

of  uiixraft  oid  inii-silcs  iiitHjes  on  a  riiowled'jO  of  ttio  intciiibic  la'oi-ort  ies 
of  (.uopli-x  aittivity  (oi  silon)  .nid  |.i:i  i-oobi  1  i  ty  (i'fu)  of  IhG  iio'ci'oo'uve 
lO'soiber  ili:siijn  laaterials  t.ivor  a  wide  frequency  range  (Ruck  and  P-urrick, 
I'lVO;  Crispin,  lo/O).  These  two  properties  are  a  iii(!asure  of  the  ability 
of  ii.'ilorial  s  to  conduct  electric  and  K.agnetic  fields  which  are  present 
in  the  rodar  r  nv i ron :ients  (hayt,  1974;  Allen,  1976). 

Packoroun_d 

The  ability  to  design  and  lest  radar  absoriaer  design  materials 
de['ends  on  tlie  capability  to  accurately  neasure  the  intrinsic  proierties 
of  coiiiplcx  (iiu  and  epsilon  of  the  iraterial  over  a  wide  frequency  range. 

The  Air  rorce  Avionics  I.d'Civtory  ciu.tr.n,  tc-d  1  he  Sjeiry  Rand  Rrs(  .irch 
Corporation  to  build  a  tii.,e  dc:..ain  ;..casurt  :  eiit  system  that  could  ii,oarure 
vosiplex  mu  niid  t'psilon  parai.icters  of  design  Jiiaterials  over  a  frequency 
range  from  0.1  to  16  GHz  (Nicolson,  1971;  Nicolson,  1974).  Tradi ti onal ly , 
such  mcdsureuicnts  have  been  made  at  fixed  freque/icics  below  10  using 
slottcd-line  and  impedanie-bridge  conf igurations  (Hi|'pel,  1968). 

Tssiiitially,  the  thiie  de::ain  li.r.e  ure-.ienit  sy^  I  eii  (cnsists  of  a 
sub- rianosi'cofid  pulse  geJKuMtor  and  coaxial  line  system  to  hold  samples 
of  materials,  a  wideband  sampling  oscilloscope,  and  an  electronic 
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system  which  scriiis  and  diyiti/os  the  transient  response  of  fnicrowove 
materials  (Nicolson,  1  970;  Tiicolson,  1971;  Nicolson,  1  974).  The  tismsient 
resjionse  is  then  Fourier  transforiiied  on  a  iicwl  ett-Packard  PI  MX  cos, pu  ter  to 
provide  frequency  doniain  scattering  coefficients.  Further  computation 
provides  printouts  and  graphs  of  coiiiplex  isu  and  co'splex  epsilon  as  a  function 
of  frequency.  Although  the  time  doinain  system  works  well,  the  Air  Force 
Avionics  Laboratory  has  a  need  for  a  ineasuren)ent  capability  of  complex 
permittivity  and  permeabi 1 i ty  of  candidate  design  materials  at  frequencies 
higher  than  16  GHz. 

The  National  Bureau  of  Standards  published  a  report  dealing  with 
radar  absorber  design  material  measurement  techniques  at  frequencies 
above  20  GHz  (Nahinan,  1979).  One  area  of  the  report  reviews  the  existing 
tir.'ie  domain  incasurc:iient  system  in  use  at  AFAL  and  roco".  .ended  a  frequency 
domain  approach  as  one  possible  way  to  extend  the  mu  and  epsilon  measure¬ 
ment  capability  into  the  millimeter  frequency  range.  This  would  involve 
the  development  and  verification  of  a  frequency  domain  technique  that  can 
be  integrated  into  the  present  time  domain  measurement  system  with  the 
miniiiium  equipment  modification  possible.  The  time  domain  system  uses  two 
specialized  generators.  One  of  these  generators  produces  a  very  narrow 
and  sharp  impulse-like  signal,  whose  spectral  content  is  primarily  in 
the  frequency  range  from  0.1  to  10  GHz  (Nicolson,  1971).  The  second 
generator  emits  a  radio  frequency  l)urst,  whose  spectral  content  is  between 
9  and  is  GHz  (Nicolson,  1974).  Utilizing  these  two  generators,  two 
measurements  then  characterize  the  permeability  and  permittivity  of  a 
sample  from  0.1  to  16  GHz.  A  sampling  oscilloscope  is  used  to  sample 
the  transient  response  for  digitizing,  so  that  scattering  parameters  can 
be  computed  at  discrete  frequencies. 
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Tfie  tL'chnoluij  icdl  1  i  t.<!  t  iuns  of  tlic  SuMplifnj  osci  1 1 0' LOpe 
jiroviilt'S  tlie  ii.  pt-tus  to  uivclop  a  fi  "ipjcucy  duinain  ii,o.;sui'c;,ii  nt 
(!.',:h::an,  l'J79).  The  ft  rouLticy  diauiin  jM’n.ich  would  doloLe  tlie 
riH.uirr wnt  for  the  two  special  radio  f t'.'ijuoncy  ot  ii(  l■(^tors  and  instead 
utilize  a  continuous  wave  ijenc-rator ,  freijuency  synthesizer,  tenfd  from 
discrete  frequency  to  discrete  frequcricy.  The  continuous  wave  twaiio 
frequency  signals  would  also  negate  the  requirement  for  sampling  the 
transient  signal  response.  Instead,  the  reflected  zind  transiiii tied 
signals  would  be  at  a  set  frequency  and  could  be  digitized  and  processed 
using  analog-to-digi tal  (A/D)  techniques. 

Probl  em  a n_d  Scope 

The  problem  addressed  in  this  thesis  is  that  of  experimentally 
developing  a  mi  1 1  imcter  frequency  domain  me3surc;i;ent  system,  and 
dciiionstrati ng  the  system  capabilities  by  measuring  the  intrinsic 
prc'pcrties  of  several  cci.  ..:'On  materials  at  the  Ku  Iv-nd  (12.4  to  18  GHz). 
Existing  material  properties  obtained  from  the  tiine  domain  system  can  be 
used  for  comparison.  The  computer  code  should  be  modified  to  autoziate 
the  measureiiiont  process  by  putting  the  frequency  synthesizer  uiider 
cemiputer  control  and  reading  the  network  analyzer  phase  and  a;:,plitude 
outputs  with  the  computer's  A/D  converter. 

After  dczionstrat  ion  of  the  concept  feasibility,  the  Air  force 
Avionics  Laboratory  personnel  would  later  modify  the  liicasurez.ent  setup 
to  apply  the  trehnique  at  freciuoticies  between  20  and  100  GHz. 

This  thesis  contains  a  description  of  the  fully  autoii'dtc'd  frciiuency 
doiiiain  measurement  system  and  data  comparisons  for  fiberglass,  two 
thicknesses  of  plexiglas,  teflon,  and  TGIi-40  absorber  nmferials  im  asured 
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in  !>uth  the  time  do.nain  .md  the  friiiuency  doa^ain  'y^tems.  Tin?  fi  i-.l/c  ncy 
dm'idin  luoiisureiiiunt  system  is  depicted  in  Fiyuce  1.  TIig  fre  .mi  ncy 
domain  setup  consists  of  two  H-plaiie  sectoral  horns  (pMinow  >.nd  Ciiu, 

1939)  which  are  placed  mouth  to  mouth.  The  system  is  used  to  inoasure  the 
reflection  and  transmission  coefficients  from  a  sinole  rectcinoular  Sumple 
of  the  design  material  . 

Five  specific  samples  were  evaluated,  fiberglas,  two  tlricKiicsses 
of  plexiglas,  teflon,  and  an  FGM-40  absorber.  To  show  concept  feasibility, 
data  were  compared  for  the  five  saiuples  tested  on  both  the  tiii.e  domain 
system  and  the  frequency  doiaain  system.  The  samples  prepared  for  use 
in  the  time  domain  system  were  of  such  small  dimension  that  a  good 
uniformity  of  thickness  could  be  expected;  however,  samples  used  in  the 
frequency  do.main  system  were  larger  (7.60  sq  cm)  end  were  subject  to 
slight  nonuniformity  of  thickness.  Therefore,  the  thickness  value  used 
for  the  coinputation  of  relative  mu  and  epsilon  in  the  frequency  detain 
system  is  the  average  thickness  across  the  sample. 

The  H-plane  sectoral  horn  assembly  is  assuiiied  to  produce  a  transverse 
electormagnetic  plane  vwvefront  at  the  sample  interface  (Jasik,  1961). 

The  plane  wavefront  ai-proxinmtion  was  sought  because  it  provides  a  i:;eans 
to  calculate  mu  and  epsilon  values  using  relatively  uncoiiipl  i  cated 
mathematics . 


Assumptions 

In  the  frequency  domain  mcasurf?ment  setup,  it  will  be  assumed 
that  the  electromagnetic  fields  norinally  incident  on  the  s.u  jdo  ;  atr-r-jai 
interface  approximate  a  plane  wave.  This  assumption  is  discussed  in 
the  theory  section.  The  theoretical  phase  variation  in  ttie  iiouth  of  the 
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iiORiNS 


(jure  1  .  rrequency  Domain  Measureiiient  System 


H-plcitie  sectoral  horn  ranges  from  11.8"  at  1?.4  GHz  to  16.24"  at 

18  GHz,  using  the  dimensions  of  -  150  cm  and  a  =  9.5  cm  in  the 

2 

equation  /(fi  =  [nvr  ]  360°  (Jasik,  1961). 

8ALh 

General  Ap]jroa_ch_ 

The  research  rfqjorted  in  this  thesis  involved  tight  ;:,ajor 
areas : 

1.  We  studied  the  existing  time  domain  measurement  system. 

2.  We  analyzed  literature  material  associated  with  the  sample 
holder,  network  analyzer,  frequency  synthesizer,  and  waveguide 
components  used  in  the  measureiiient  system. 

3.  We  performed  an  initial  determination  of  the  test  setup  and 
the  actual  assembly  of  the  test  system. 

4.  We  modified  the  existing  time  domain  computer  program  to 
delete  portions  of  code  associated  with  the  Fourier  Transform  and  added 
computer  code  to  accept  the  frequency  doi'iain  iiiC'asured  values  as  in|)ut. 

5.  We  automated  the  test  setup,  putting  the  frequency  synthesizer 
under  computer  control  and  reading  the  network  analyzer's  phase  and 
amplilude  outputs  through  the  computers  A/D  converter. 

6.  We  measured  the  sample  materials  and  compared  mu  and  epsilon 
from  both  the  time  domain  and  frequency  domain  systems. 

7.  We  extended  the  ideas  developed  in  building  the  test  system 
and  designed  and  built  a  final  frequency  domain  system  that  could 
measure  reflection  and  transmission  coefficients  from  a  single, 
small  sample. 
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8.  We  took  the  liica'^ured  values  of  mu  and  epsilon  from  the  final 
frequency  dro.ain  system  and  co-npared  it  to  data  etitained  from  the  time 
domain  system. 

Sequence  of  Prese^ntatioji^ 

The  ir.aterial  in  the  thesis  is  presented  in  the  followiny  manner: 

1.  The  theory  utiderlying  the  measurement  technique  is  presented 
in  Section  II . 

2.  A  description  of  the  equipment  used  in  the  frequency  domain 
setup  is  given  in  Section  III. 

3.  The  sample  measurement  procedures  are  presented  in  Section  IV. 

4.  The  results  are  given  in  Section  V. 

5.  Finally,  the  conclusions  and  recommendations  are  presented 
in  Section  VI. 
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II.  Th'-ory 


As  an  introduction  to  the  theory  used  in  developing  tlie 
frequency  doir.ain  i;ieasure:nent  system  for  the  intrinsic  property 
i;iCdsur(.':i,Gnts  of  radar  ahsorher  design  naterials,  let's  look  first 
at  a  brief  description  of  the  properties  themselves. 

DieJ_ec^i£  Mat_eri_aJj  jnd  PiLO'li ^ i 

A  dielectric  is  a  substance  in  which  the  electrons  are  so 

well  bound  or  held  near  their  equilibrium  positions  that  they 

cannot  be  detached  by  the  application  of  ordinary  electric  fields. 

The  important  characteristic  in  a  dielectric  is  its  permittivity 

c  .  The  permittivity  (Dielectric  Constant)  relates  the  electric 

field  intensity  F  to  the  electric  flux  density  D  by  the  equation 

D  =  c  E  .  As  E  increases  for  a  niaterial,  the  n-.aterial  will  liave 

an  increased  electric  flux  density  present  within  (Ranio,  1965). 

Because  the  permittivity  of  a  dielectric  is  always  greater 

than  the  pc-riai  Lti vi  ty  of  vacuum  ,  it  is  convenient  to  use  the 

relative  permittivity  of  the  dielectric,  that  is  to  say 

t  ^  —  ,  v'nere  r  is  the  permittivity  of  space  (1/360  x  10 

'  0 

farads  (ler  meter  and  character i zes  the  effect  of  the  aio:,,ic 

and  molecular  dipoles  in  the  material.  This  relative  (icniii  tti  vi  ty 
is  a  dimensionless  quantity  (Ramo,  1965;  Kraus,  I'^BB).  At  higlier 
frequencies,  typically  above  0.1  GHz,  tlie  dielectric  i.atcrial 
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r  .ri  uncos  uiu  rqy  losses.  Tltc  relative  poriin  tti  vi  ly  (  un  he 
.  x|;rossed  as  a  mi  plox  nn  ■I:or  to  accc  jiit  for  such  losses, 

tt.ejis'ti c  Matc'i'ials  and  Ponaoabi  1  i ty_ 

All  niaterials  show  sosiG  magnetic  effects.  Depending  on  their 

liiignotic  bohavior,  substances  can  be  classified  as  dia:naunetic, 

paraiiiagneti  c  ,  and  ferromagnetic.  In  dia;  iagnotic  materials,  the 

magnetization  is  opposed  to  the  applied  field,  while  in  ;  arccsagneti c 

c’aterials  the  magnetization  is  in  the  same  direction  as  the  field. 

Tlie  materials  in  these  two  groups,  however,  show  only  weak  magnetic 

effects.  Materials  in  the  ferromagnetic  group,  on  the  other  hand, 

show  very  strong  m.agnetic  effects.  Magnetization  occurs  in  the 

same  direction  as  the  field,  as  it  does  in  paramagnetic  materials. 

The  level  of  magnetization  of  materials  can  ho  quantized  by 

referring  to  the  relative  permeability  u  defined  as  u  =  . 

a  e  r  ^0 

By  definition,  the  relative  permeability  of  free  space  is  unity. 

Tlio  relative  permeability  of  ferromagnetic  'iaterials  is  gi.neral  ly 
much  greater  than  one.  The  ;;.agnetic  flux  density  B  is  related 
to  tite  I'lagnetic  intensity  H  by  B  =  pH  =  wliere  is 

till?  penneabi  1  i ty  of  space  =  4e  x  10”^  henrys  per  i’oler  end  p^ 
measures  the  effect  of  the  magnetic  dipole  nce.ents  of  the  atoms 
comprising  the  medium  (Ramo,  1965). 

In  extending  the  concept  of  pernicabi  1  i  ty  to  frecjuimicy  dep' n  !(  nt 
ir.agrietizati on  in  ferromagnetic  materials,  it  is  convenient  to 
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introduce  tlie  idea  of  a  co'nplex  [imcr.r-abil  ity .  As  frequency  increases, 
the  following  effects  can  he  accotinted  for  by  a  crauplex  relative  [-erine- 
ability  p*  =  y  -  Jiy"  •  This  physical  fact  is  tiiat  in  a  sir.u'^oidal  ly 
'varying  magnetic  field  a  phase  angle  6  arises  tutv.uen  B  and  H  due  to 
energy  losses  associated  with  magnetic  resonance  and  relaxation  plienom- 
ena.  Such  losses  arise  physically  from  reorientation  of  the  'magnetic 
mcments . 

Theoretical^  Develojament 

The  theoretical  development  presented  here  is  an  extension  of  theory 
from  the  standpoint  of  classical  boundary  value  solution  tecliniques  for 
plane  waves  (Kraus,  1  953-,  Hayt,  1  974)  and  subsequent  relationship  to  the 
scattering  coefficients  S^-j  and  S^-j  (Ramo,  1965)  for  reflection  and  trans 
mission  parameters  respectively.  The  theory  of  the  H-plane  sectoral 
horn  will  be  given  by  presenting  a  few  key  points  from  the  work  of  Barrow 
and  Chu  (1939). 

The  scattering  coefficients  S^-j  oud  Si^i  are  a  measure  of  the  forward 
and  back-scattered  energy  respectively  (Nicolson,  1970).  These  scatter¬ 
ing  coefficients  are  used  to  calculate  the  co::iplex  piCr::  ^.abi  1  i  ty 

=  Pp  -  jUp"  and  permittivity  t*  =  of  the  test  sample. 

The  sample  will  be  examined  under  the  assumption  of  plane  waves  normally 
■■■ncident  at  the  interface. 

Consider  a  slab  of  homogenous,  isotropic,  nc nconducting 

*  * 

material  with  permi  tti  vi  ty  L=e^  and  pc-nnoao!  1  i  i  v  y  -  and 

thickness  d  positioned  in  a  free  space  i:uJi:.in  with  characteristic 
iiipedance  with  region  three  infinite  in  extent,  as  sitown  in 

Figure  2.  Within  the  region  0  ^  x  ^  d  the  impedance  of  the  slab 
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.  1  * 

p 

V  Z  .  If  d  1 0  iiilii'ilP,  then  the 

r 

reflection  coefficient  of  a  plt.ne  v.jvo  nur  .ally  incid.  nt  i.n  tiie 
intei  fr.cG  would  siicply  he  (riicoluun,  1970) 


will  be  Z 


Acccrditig  to  Maxwell's  curl  equations, 

V  X  J  (2) 

O  t 

V  X  E  =  -  (3) 

and  since  a  nonconducting  media  is  assuiced,  J  -  0  in  Fq  (2).  Taking 
tlie  curl  operation  of  Fq  (3)  and  substituting  Fq  (2),  the  Wtive  equation 
is  obtained, 

V^E  =  pc  (4) 

at-’’ 

For  a  linrarly  polarized  piano  wave  traveling  in  the  x  direction, 
the  solution  of  the  wave  equation  reduces  to  a  term  that  is  a  function 
of  position  multiplied  by  the  tirio  variation  term  cxp(j(.'t)  (Hayt, 
19/4).  Defining  the  co-plex  prepauation  constant  as  q  -  n  a  jp  , 
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tliG  ('osilion  tci’i;)  of  tho  cli-Ltric  liold  in  ri-'jion  one  is 


-i,x  h'.x 

-  !i.  [e  '  +  ,e  M 


(E) 


v.liere  E.  is  the  incido-nt  field  and  E,  is  the  total  field  i.ode  up 
of  the  ineident  .uid  rt.'flccted  (.o:..; '(uir-nts  of  the  fields.  In  ro<jion 
two  (witfiin  the  s>:-.:i)le),  the  conrei  ( .ridi  rig  eletti  ic  field  tenn  is 

-Y  X  •l-'/.X 

E^  =  A  e  +  B  e  ^  (6) 


And,  in  region  three  we  obtain 


E,  =  sE.  e 
3  1 


(7) 


The  liiagnetic  field  in  region  one  expressed  in  ter::.s  of  the  incident 
electric  field  is 


E. 

1 


-YiX 


1 ''  1 X 


(8) 


In  region  two  (within  the  sample)  the  i-agnetic  field  is 


1  I  qX  ■ i^x 

H;,  =  j  -  ['Av  e  +B  e  M 


(9) 


And,  in  region  three  the  magnetic  field  is 


0  ^  -V 

^3  -  -3  iap3'  ^  ^ 


(10) 
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The 

:  n.  nts 

,  ,  f  2  9  11  1  9  11 2  9 

and  of 

To  c  1  ec  ti'  ic 

f  irlds 

t 

nd  i  jjiietic  fi(‘lds  H  ,  irsji-c 

tivcly,  in 

1 1  c  e  1  x;  1  1  •  ' 

ii  ns  a) 

'C-  1  : 

■  pl.-x  qu.  ntitifS  in'lepi  rid;  lit  of 

f  i  1 1 1 e  c  t id 

:  lid  on  I’ne 

•  :  -.ce 

V'.n  i 

i,;bles  only,  iiie  .iclual  field  is 

the  n  al 

.ir t  of  Ee'^ 

and 

of 

ileJ-t  . 

riie  reflection  coei  ficient  p  ond  ti  .-.te.rii  cs i r n  Loetficient  t 
will  now  be  round  using  boundary  value  solution  tc-cbni'.ues  (Kraus, 

19b3;  fiayt,  1  974  ;  ilii'pel,  l'''b?-)-  Since  tlie  tangential  cco.jio:  ^nts  of 
the  electric  field  in  fqs  (5)  and  (6)  are  continuous  at  tl)e  boundaries, 
then  at  x  =  0 


E.  [1  +  p]  =  A  +  B 


(11) 


and  from  Fqs  (6)  and  (7),  at  x  =  d 


-Ypd  Y,d  -Y-.d 

A  e  ^  +  B  e  ^  =  t  E.  e 


(12) 


The  tangential  co.:,ponents  of  the  ir.aynetic  fields  are  contiruenus 
at  the  boundaries,  thus  at  x  =  0 


(l?a) 


.  j  ,.(-’j.O' 


Using  the  substitution  Z  =  j  '"'I-  where  j  =  j 
a  T  Y 

and  since  the  slab  is  a  t;onconductor  o  "  0,  tiien 
Z  -  '  \/l*  which  represents  tlie  ii..peddnce  of  the  i;,ediuiTi. 

'  f —  *  C 

Jc;/uc 
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Tor  ttio  sysU-m  liuiiig  di'scribL-d  in  fiijure  ?,  Z-j  =  =  Zq  , 

where  Z^  is  the  el'idi'cietorislic  inipudcince  of  free  spoce;  liowuver, 
this  derivcition  is  for  the  yfiieral  case,  hence 


E.  , 

7-  [p  -  1]  =  7--  [B  -  A] 

‘-2 


And  at  X  =  d 


(13b) 


-  B 


(14) 


The  variables  A  and  B  are  eliminated  from  these  equations  by 
multplying  Eq  (13b)  by  Z^  <ind  then  adding  Eq  (11)  to  get 


2B  =  E.  [(1  +  p) 


(15) 


Equation  (14)  is  multiplied  by  Z^  and  added  to  Eq  (12)  to  get 


(Y,'-yo)d  Z„ 
2A  -  tE.  e  ^  [1  +  /-] 

3 


(16) 


Equation  (13b)  is  eiultiplied  by  Z^  and  Eq  (11)  is  su[)trocted  off 
to  get 


2A 


E,  [(1  .  P)  ^  7' 


(1  -  P)] 


(17) 
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rcjudtion  (14)  is  multiplied  by  Z„  and  subtracted  off  fq  (12)  to  yet 


-(■ro'*'Yo)d  Z„ 

2B  =  lE.  e  ^  [1  -  /-] 

’  '^3 


(18) 


Equating  fqs  (16)  and  (17)  gives 


(Yo  Y 0 ) ^ 

Te  ^  ^  [1  +  -i]  =  [(1  +  p)  +  (1  -  p)] 

^3  ^1 


(19) 


And,  equating  Eqs  (15)  and  (18)  gives 


-(Yp'hro)d  z„  z, 

Te  ,  ,-p  ^  p)  1  (1  -  p)] 

^3  ^1 


(20) 


Equation  (20)  is  solved  for  the  transiiiission  coefficient  i  and  it 
is  substituted  into  Eq  (19)  to  yield  the  reflection  coefficient  p 


-(72+Y3)d 

xe 


Z 


"z^(Up)  -  Z^d-c) 


(21a) 


T 


(Y2+Yo)d 

e 


Z,(l+p)  -  Z^d-p)' 


(21b) 


(Y2-Y3)d 

X  e 


Z3+Z2 


Z^(l+p)  +  Z2(l  -p) 


(22a) 


16 


17 


p 


r 

e  (rj3)-(-r 

~2y^d 

1-e  (1^2  3)  (-r 


1,2 


) 

) 


(22i) 


Since  regions  one  and  three  are  free  space,  the  following  is  true 


^2,3  "  ^1,2 

and  Eq  (22i)  reduces  to 


r  1 

l-e  ^ 

*-  p 

‘.l-z'J 

■  ^1,2 

7'“  -2Y2d 

b-^1,2^  J 

J 

.1-1’^ 

(22j) 


(?2k) 


The  solution  for  the  transmission  coefficient  t  follows  from  Eq  (19) 


(Y2-Y3)d 

'^2"^3' 

■z^i+p)  +  Z71  -p)  - 

T  e 

[■■23  . 

.  ^'l  - 

{23a) 


Yod  -Yod 

e  e 


^2''’^3 


^1  ^  ^2^  ^  *^^^1 


-  Z, 


j]  (?3b) 


Yod  -Yod 

T  =  e  e 


'i^'2ip3i r 


(23c) 
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In  order  to  use  scattering  coefficients  and  to  calculate 

the  complex'  permittivity  and  permeability  of  radar  absorber  design  material, 
they  must  be  extracted  from  the  measured  reflection  coefficient  p  and 
transmission  coefficient  t  .  he  relationship  between  ,  t  ,  S-j-i 
and  S^i  becomes  apparent  when  the  signal  flow  graph  in  figure  3  is  used 
to  evaluate  closed  form  expressions  for  the  scattering  coefficients 
and 

The  development  of  closed  form  ex()rcssions  for  and  will 

follow  that  which  was  presented  in  a  technical  memorandum  published  for 
the  Air  Force  Avionics  Laboratory  (Kent,  1979).  This  material  is  also  an 
extension  of  the  signal  flow  graph  ideas  presented  by  Nicolson  (19/0). 
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V.'hon  the  incident  wave  strikes  the  front  face  of  the  soinple, 
part  of  the  wave  is  transmitted  and  part  is  reflected.  Tlio  aii-plitude 
of  the  reflected  wave,  in  terms  of  the  amplitude  of  the  incident  wave, 
denoted  ,  is  easily  calculated  from  the  signal  flow  graph  to  be 

|V~|  “  ^  '^inc  (24) 


where 


1  +'Z 
2  0 


(25) 


The  amplitude  of  the  transmitted  wave,  at  x  =  0  ,  is  found  to  be 


ivjl  =  (w  r) 


(26) 


where 


(1  +  r) 


Hr 


h  ^  ^0 


(27) 


Once  the  transmitted  wave  strikes  the  far  face  of  the  sample  (x  =  d  , 
or  point  8),  part  of  this  wave  is  reflected  back  and  part  is  transmitted 
out  the  end.  Since  our  substance  of  interest  is  electrically  and 
magnetically  lossy,  complex  mu  and  epsilon,  the  wave  amplitude  will 
suffer  sorie  attenuation  as  it  travels  through  the  sample  with  a 
propagation  constant  y  •  Therefore,  the  propagation  constant 
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is  7  =  a  +  jf?  j  ~  c  liia'jnitude  of  the  iricidL-nt 

/ 

wave  at  B  will  be  reduced  by  the  attenuation  portion  of 

(“j  Y^r^r  aiiiplitude  at  x  =  0  or 

point  A.  By  defining  2  =  exp  (j  d)  where  p*  =  P^  - 

and  e*  =  e."  -  jc""  ,  the  incident  v;ave  at  x  =  d  is  found  to  be 

r  r  r 


=  z(i  +r  )  V. 


The  fraction  of  the  incident  wave  transmitted  out  to  the  far  end  is 


'  0  -  r)  zv; 


=  (1  -  r)(i  +  r)  zv. 


So,  as  a  first  approximation,  the  magnitude  of  the  reflected  and 
transmitted  wave  amplitudes  through  this  sample  can  be  found  as  follows; 

(a)  Incident  wave  amplitude: 

'  '  ^  me 

(b)  Reflected  wave  amplitude:  VJ  =  i’V^ 

(c)  Transmitted  wave  amplitude;  !/„  =  z(l  -  r")V^ 

'  '  B  me 


This  approximation  fails  to  consider  second,  third,  and  higher  order 
internal  reflections  within  the  sample,  wliich  could  moke  a  significant 
contribution  to  the  total  reflected  and  transmitted  wave  amplitudes. 

If  the  measurement  system  is  to  work  for  any  homogeneous  unknown,  how 
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many  internal  reflections  must  be  taken  into  jccouiit?  To  pta-cisely 
answer  tiiis  question,  consider  the  signal  flow  graph  that  sir.pl  if  ies 
the  description  of  this  system  without  loss  of  accuracy. 

If  one  takes  "n"  interactions  of  the  loop  representing  the  internal 
reflections  of  the  samples  and  allows  the  number  n  to  approach 
infinity,  then  the  amplitude  of  the  transmitted  wave  can  be  expressed 
as  an  infinite  series  of  the  following  form 

vi=V-„J(l+r)(l-r)z+(l+r)(l-r)2(-rz)(-rz)+(i+r)(l-r)z(-rz)M-rz)^  +  ...i  (30a) 

D  I  nc 

jz(i-r')+z5r'(i-r')+z-rHi~r')  +  ...+z2"^^’^"(i-r')}  (30b) 

D  1  nc 


Vp=v’!’  (i-r^)(z)fi+z^r^+z'‘r‘'+z^r®+. . 

B  me'  ' 


(30c) 


1 


(IrL'Kz).  {i+z^r^+z^r^+z'j'n. 
(i-r^z^) 


.+z-"r 


(i-r^z^) 


( 3  Od ) 


v;  =  M* 

E  ini:  (I  _  r'zJ) 

As  one  can  see,  the  above  is  a  very  convenient  closed  form  expression 
for  the  transmission  scattering  coefficient.  Since  this  transmission 
scattering  coefficient  is,  in  general,  a  function  of  frequency,  it 
follows  that 
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(31) 


$2^ (w) 


me 


which  can  be  conveniently  expressed  as  follows 


$21 (u) 


=  z(l 

(1  -  r^zn 


(32) 


Similarly,  tf)e  aiiiplitude  of  the  reflected  wave  can  be  expressed 
as  an  infinite  series.  A  closed  form  is  also  desired. 


\/^=v)n^.{r+(i+r)(i  ~r)z(-rz)+(i+r){i-r)2(-rz)(-rz)^  +  . . .}  (33a) 


vr=v'l'„^r{l  -(l-rMz"-(i  -r^)z‘T‘ -(i-r2)2M’‘‘-. .  .-(1  -r^)z-'^‘^^r‘'^}  (33b) 

M  1  nc 


(J-r'l!i  {i-(i-r^)z^-(i-r^)z“r^-(i-r^)z^r^-... 
(i-r=z^) 


-d-r^ 


(33c) 


V' 

^  A  '^inc 


-  —  ii-z‘+r^z^-z''r^+z''r‘‘-zd'Vz'r''-...-z^"^^r-’''+z"'^’ 

(i-r-dd 

+  _  _^^:n+2^m_^,n+2j,.n+2i  ^33^^ 


(1  -  f'^zd 


(33e) 
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A  closed  form  reldtion  hetween  the  incident  wave  drijilitude  and  the 
1  e1  lected  v.ave  o'i.pl  i  tude  has  Leen  obtained.  As  with  the  tiomsiiii  s  s  ion 
scattering  coefficient,  the  reflection  scattering  coefficient  can  also 
be  defined  as  a  function  of  fi-cquency. 


V. 

1  nc 


(1  -  rzn 


(34) 


Therefore,  it  becomes  apparent  that  the  measurt.d  value  of 
reflection  coefficient  p  is  equal  to  the  reflection  scattering 
coefficient  and  the  transmission  coefficient  x  differs  from  the 
transmission  scattering  coefficient  by  the  phase  term  exp  (Yq^^) 


(1  -  r^z=) 


(35) 


S 
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.^11-L‘l  (._l_ 

(1  -  r"z* ) 


z.(  r!i 

(1  - 


(36) 


where 


Y 


0 


‘'%^o 


(37) 


The  reflection  and  trcinsmiss  ion  scatlering  coefficients  can  thus 
bo  detonnined,  Tiie  following  details  cfiow  iiow  they  .ire  used  to  colculate 
the  complex  inu  and  epsilon  values  of  a  radar  absorber  design  material 
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(39) 


A  varicible  x  will  bo  defined  as  the  ratio  of  1  -  end 

. 


1  - 

-  v^- 


(30) 


3y  direct  substitution  of  tiio  OL-fining  i  xj.  i iuns  fur  tlic  scattering 
coefficients  into  Eq  (40)  yields  the  follrw i.ig  r^uaiicn 

,  ,  (1  vr’)(V-  r),  ,  i--  *r 

2i  (l  -  zO  2r 

this  teijotion  can  be  solved  tor  r 

r  =  X  ‘/x^  -  1  (42) 

where  the  plus  or  minus  sign  is  clicsin  to  i.rtiirt  8.:  .ma's  riugnilude 
to  li  ss  than  or.c  in  ai’^fliite  value. 

;'6 


"  j,,  i n ,  i!  i  I  I  1  i  i  n  u r  Mii/  i',  i  1  h  i  nj  .  a ,  i  ^  ‘  i t^'is  foi  t 
■  L t  i  i‘i  !  i:j  I  1  i  i  i L  i Mil  ,  ; n  '  (I  ( ^o)  ,  y  1.  -  i.;s  .;n  M t  ■  Ml  fur  i  in 
iM'.iS  of  ..ild  \  . 
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I  o:n  fq  (1),  define 


* 

u 


-  =  (If  ;i> 


and  from  the  definition  of  z  =  exp  (-j  d)  ,  define 


^  -k  -k 

'■2  "  "rS 
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(45) 
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Thus,  the  cu-iplcx  UMiiii  tti  v  i  ty  .ntd  i.cn.'eobi  1  i  ty  me  easily 
calculated  from  a  knowledge  of  the  reflection  and  trcnsiiii  ssi  on 
scattering  coefficients.  Because  the  reflection  coefficient  is 
i^casured  using  an  li -plane  Sc-ctural  horn,  the  ti.eory  tfiat  underlies 
this  iiorn  will  be  presented  next. 
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The  following  Ihrory  on  the  H -pldiie  sctloral  horn  was  taken  from 
a  publislied  article  by  W.  I..  Barrow  and  k.  J.  Chu  (  1939).  It  is 
presented  here  for  tfie  sj'ecial  case  which  was  inipleii  >;nted  as  |>art  of 
this  thesis. 

Using  the  gL'Oi:,etry  of  the  '..ectoral  horn  depicted  in  figure  4, 
Maxwell's  equations  in  a  fonn  suitable  for  our  probleai  yield  the 
following  coniponents  of  electric  field  (E^)  and  inagnetic  field 

■ 


E 

y 

B  cos(mvt))  Kmv  (2(i 

A 

(48) 

H 

P 

B  sin(mvi,‘')  Kmv  (2Tr 

(49) 

-Bj/^cos  (mv;;)  K;7)v  (^tt 

(50) 

In  these  expressions,  the  complex  (iuantities  are  indeiendent  of  the 

time  and  depend  on  the  space  variable  only.  The  actual  field  is  the 

real  part  of  Ee'^'*''^  and  lle'^^"'^  .  Here  Kmv  is  the  derivative  of 

Kmv  ,  the  Hankel  function,  with  res()ect  to  its  argument  (2i;  ^-)  and 

X  is  the  wavelength  of  a  plane  wave  in  an  unbounded  medium  of  constant 

mu  and  epsilon.  The  remaining  components  of  field  are  zero,  i.e., 

H  =  E  =  E.  =  0  . 

y  p  (f 

The  metal  is  assumed  to  have  an  infinitely  high  conductivity. 

The  bounddry  conditions  require  tfiat  tlie  tangential  co.mponent  of  the 
electric  field  vanish  at  the  boundary.  There  is  no  electric  field  in 
our  wave  tangential  to  the  top  and  bottom  surfaces  of  the  horn,  lienee 
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Firjjre  .  Sectoral  florn  and  Cylindrical  Coordinate  Systeni 


the  boundary  conditions  are  autoiiiatii  al ly  satisfied  for  y  =  0,a 

At  the  two  sides,  wiiere  6  =  'f  /2  ,  F.  must  vanish,  so  we  inust 

0  y 

have 


cos  (i:iv<(’^/2)  =  0 

This  equation  can  be  satisfied  by  letting  the  integer  m  be  odd 
(1 ,  3,  5,  . . .}  and 


The  integer  m  specifies  the  order  of  the  wave.  Physically,  it 
indicates  the  number  of  half-period  sinusoidal  variations  between  tne 
two  sides  of  any  component  of  the  field  along  an  arc  (.  =  constant 
The  constant  v  depends  only  on  the  flare  angle  ,  as  specified 

by  Eq  (52).  Since  m  is  always  associated  with  v  as  a  product, 
the  product 


mv 


(53) 


determines  the  beltavior  of  the  vvave  inside  the  horn.  Only  those 

H  waves  which  have  an  electric  field  of  even  symmetry  about  the 
m,o  j  j 

center  of  the  horn  radiate  beams  with  a  central  lobe. 

Several  advantages  are  gained  by  using  the  sectoral  horn  for  the 
measurement  of  reflection  and  transmission  coefficients.  Near  the 
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throat,  the  radial  component  of  the  magnetic  field  is  still  of  ronsider- 
able  magnitude,  but  in  the  more  distant  parts  of  the  horn,  where  p  is 
large,  tlie  coainonent  hecoiiics  negligible  toi'ipared  to  the  ottier  two 

field  components.  Both  the  magnetic  and  electric  field  lines  are 
normal  to  each  other  and  to  the  direction  of  propagation,  and  the  waves 
at  the  liiouth  of  the  horn  behave  very  much  as  do  transverse  electro¬ 
magnetic  waves  in  free  space.  Thus,  a  sample  placed  at  the  irouth  of 
a  sectoral  horn  with  a  large  radius  (p)  would  experience  a  closely 
approximated  normally  incident  plane  wave  condition. 

Lower  signal  power  requirements  can  be  realised  by  using  the 
sectoral  horn  to  approximate  a  nonnally  incident  plane  wave  on  the 
sample.  The  usual  technique  to  obtain  a  plane  wavefront  is  to  remove 
the  sample  far  from  the  transmitting  source.  In  this  case,  power  loss 
increases  with  separation.  The  sectoral  horn  allows  the  sample  to  be 
placed  within  the  mouth  area,  as  if  inside  a  wave  guide,  wtiere  the 
power  is  reduced  only  by  wall  losses. 

The  total  area  of  the  sample  used  for  measurements  is  typically 
greater  than  that  of  samples  used  in  the  time  domain.  This  aspect 
would  reduce  some  of  the  delicate  machining  needed  to  ii.ake  small 
samples . 
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III.  F(iui]jincn^ 


During  the  course  of  this  work,  there  were  tv;o  operating  systems 
developed.  The  first  system  was  a  test  setup  and  used  an  anechoic 
chamber  and  a  modified  H-plane  sectoral  tiorn  to  measure  the  transmission 
and  reflection  coefficients,  respectively.  1  full  description  of  this 
setup  IS  provided  in  Appendix  B.  The  second  system  utilizes  the  two 
H-plane  sectoral  horns.  It  is  this  second  system  which  is  reported 
on  in  the  main  body  of  Lbe  thesis. 

The  major  pieces  of  equipment  used  in  the  frequency  domain 
measurement  system  will  be  described  first.  Then  a  full  description 
of  how  these  majoi'  pieces  of  equipment  are  assembled  for  intrinsic 
property  measurements  will  be  given. 

The  equipment  used  to  support  this  thesis  project  consisted  of 
a  frequency  synthesizer  which  served  as  the  signal  source,  a  netv/ork 
analyzer  used  for  making  relative  decibel  amplitude  and  phase  measure¬ 
ments,  a  two  sectoral  horn  assembly  and  sample  holder  used  to  measure 
reflection  and  transmission  coefficient  parameters,  and  a  Hewlett- 
Packard  21MX  RTE  computer  used  to  control  the  measurement  setup.  The 
complete  measurement  setup  is  diagrammed  in  Figure  1. 

Frequency  Synthesizer 

The  signal  source  is  a  Watkins  and  Johnson  model  1P04-1;  rapidly 
tunable  over  a  frccjuc'ncy  range  of  0.1  to  ?6  GHZ.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  IPO'l-l  specification 
sheet.  The  frequency  resolution  is  10  kHz  from  100  MHz  to  249.99  MHz, 
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100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  MHz  from  2  -  ?6  GHz.  The 
frequency  is  displayed  with  a  five-digit  LED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  is  *;  0.00035%  for  180  days  over  a 
0  -  50°  C  range.  A  single  frequency  can  be  selected  on  the  keyboard 
with  the  enter,  ENT,  button  and  displayed  on  the  LED.  The  frequency 
can  be  slewed  up  or  down  in  1,  10,  and  100  MHz  steps  as  selected  on 
the  INCREMENT  controls.  The  synthesizer  sweeps  repetitively  upward 
within  the  following  bands:  0.1  -  1  GHz,  1  -  2  GHz,  2-8  GHz, 

8-13  GHz,  13  -  18  GHz,  and  18  -  26  GHz.  The  aE  sy?;iiiietrical  s.veep 
about  phase-locked  center  frequency  F  which  is  displayed  on  the  LED 
readout  is  0  to  ±  0.1%  of  F  .  The  synthesizer  provides  0  dBm  (1  mw) 
minimum  leveled  output  pov;er.  The  variations  in  leveled  power  for 
the  0  dB  attenuator  setting  is  ±  1  dB  over  the  range  of  0.1  -  26  GHz. 
The  output  power  can  be  attenuated  over  a  range  of  0  to  90  dB  in 
10  dB  steps.  The  output  power  accuracy  (i^eter  reading  plus  attenuator 
setting)  is:  0  dB  attenuator  setting,  0.1  -  18  GHz,  1  dB  and 
18  -  26  GHz,  ±  1  dB;  10  dB  -  90  dB  attenuator  setting,  i  2  dB  and 
18  -  26  GHz,  +  2.5  dB. 

Network  AnaJ^/er 

The  network  analyzer  is  a  Hewlett-Packard  Model  8T10A  with  a 
phase-gain  indicator.  The  8413A  phase-gain  iuoicator  uses  a  meter 
display.  The  8411A  harmonic  frequency  converter  provides  RF-to-lF 
conversion.  The  841  lA  converter  has  t)een  .modified  under  Option  018 
to  work  across  the  Ku  band.  The  VSWR  at  the  reference  and  test  ('Ort 
under  Option  018  increases  to  10  at  18  GHz.  Measurements  are  based 
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on  the  use  of  tv^o  wideband  samplers  to  convert  the  input  frequencies 
to  a  constant  IF  frequency.  RF-to-IF  conversion  takes  place  entirely 
in  the  harmonic  frequency  converter,  which  converts  frequencies  over 
a  range  of  12.4  -  18  GHz  to  20  MHz  IF  signals.  The  phase  and  amplitude 
of  the  two  RF  input  signals  are  maintained  in  the  IF  signal.  The 
network  analyzer  mainframe  provides  the  phase-lock  circuitry  to 
maintain  the  20  MHz  IF  frequency  while  frequency  is  being  swept,  takes 
the  ratio  of  the  reference  and  test  channels  by  use  of  identical  AGO 
amplifiers,  and  then  converts  down  to  a  second  IF  at  278  kHz.  It  also 
has  a  precision  0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for 
accurate  IF  substitution  measurements  of  gain  or  attenuation.  The 
frequency  domain  measurement  setup  utilized  the  following  piece  of 
equipment  during  data  measurements :  a  plug-in  for  the  841 OA  mainframe, 
the  8413A  phase-gain  indicator.  It  compares  the  amplitudes  of  the  two 
IF  signals  and  provides  a  meter  readout  of  their  ratio  directly  in 
dB  with  0.1  dB  resolution.  It  also  compares  phase  in  degrees  over  a 
360°  unambiguous  range  with  0.2°  resolution  on  the  meter.  Phase 
difference  is  presented  on  the  same  meter  when  the  appropriate  function 
button  is  depressed.  This  plug-in  has  two  analog  output  ports 
accessible  from  the  front,  one  for  dB  amplitude,  20  mv/dB,  and  one 
for  phase,  50  mv/degree. 

Horn  Ass emblji^^ 

The  H-plane  sectoral  horn  assembly  and  sample  holder  is  constructed 


from  aluminum.  There  are  three  major  parts  comprising  this  assembly. 
The  two  horns,  the  sample  hoi der/refcrence  slide  section,  and  the 


sample  holder  itself.  The  individual  pieces  are  depicted  in  Fiyure  5. 

The  two  sectoral  horns  are  placed  mouth  to  mouth  ond  form  the 
central  part  of  the  metisurement  system.  The  full  length  of  the  horn 
section  is  310.5  cm.  The  inner  dimensions  at  the  end  flange  region 
are  1 .6  cm  x  0.8  cm,  and  at  the  mouth  9.5  cm  x  0.8  cm.  The  two  horns 
are  connected  at  the  sample  holder  area. 

The  satiiple  holder  section  is  made  up  of  a  6  cm  x  5  cm  x  1  5  cm 
solid  block  slider  which  fits  inside  the  10.5  cm  x  11  cm  x  15  cm 
rectangular  housing.  There  are  three  windows  cut  along  the  length  of 
the  slider  section.  In  the  center  window,  the  slider  section  has  a 
shorting  plate  made  of  stainless  steel  used  to  obtain  the  reference 
for  making  reflection  coefficient  measurements.  At  one  end  of  the 
slider,  tiiere  is  an  open  rectangular  window  measuring  9.5  cm  x  0.8  cm 
which  is  used  to  obtain  the  reference  for  ii.aking  transmission  coefficient 
measurements.  The  third  window  is  used  to  hold  the  sample  during 
measurement. 

The  sample  holder  is  removed  from  the  slider  section  during 
sample  installation.  The  overall  dimensions  of  the  sample  holder  are 
11.3  cm  X  5  cm  X  3  cm.  A  9.5  cm  x  0.8  cm  window  in  the  sample  holder 
serves  to  accofismodate  the  sample.  A  set  screw  at  one  side  is  used  to 
apply  a  small  aiiiount  of  pressure  on  the  sample  to  hold  it  in  place  so 
it  does  not  become  misaligned  during  installation  of  the  sample  holder 
in  the  slider. 

A  gauge  block  is  used  when  mounting  tfie  sai  ple  material  into  the 
sample  holder.  The  gauge  block  provides  a  means  to  position  the 
sample's  front  face  at  the  same  plane  as  the  shorting  plate  for 
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SECTORAL  HORNS  TOP  VIEW 


Figure  5.  Sectoral  Horns  and  Sample  Holder 


reflection  coefficient  nicasuremcnts .  Ttie  sariple  holder  is  placed 
on  the  ijauye  block  with  the  1.119  cm  raised  section  inserted  in  tlie 
sample  window.  The  sample  is  placed  in  the  sample  window  and  forced 
firmly  against  the  raised  section  as  the  set  screw  is  tightened. 

2 1  MX  _C_oinp£te_r 

The  Hewlett-Packard  21  MX  computer  is  used  to  control  the  data 
measurement.  The  frequency  synthesizer  is  commanded  to  a  discrete 
frequency  by  the  computer  and  a  data  measurement  taken  through  the 
computer  A/D  converter  connected  to  the  outputs  of  the  network  analyzer. 
The  disk  subsystem  and  I/O  devices  are  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  computer  software  is  provided 
in  Appendix  A. 

With  some  insight  into  the  main  parts  of  the  frequency  domain 
measurement  system,  the  rest  of  this  chapter  will  deal  with  describing 
the  system  as  a  whole  and  how  it  is  interconnected.  This  description 
is  an  amplification  of  Figure  1. 

Me_a_s_u_re];ie  n  t_  tern 

The  Watkins  and  Johnson  1204-1  Synthesizer  serves  as  the  signal 
source.  It  is  commanded  by  the  21MX  couiputer  to  discrete  frequencies 
as  part  of  the  intrinsic  property  measurement  routine.  The  RF  signal 
is  routed  from  the  signal  synthesizer  to  the  Ku  bcind  wave  guide  by 
iiioans  of  a  six  foot  coaxial  cable  (012.03-72  BXW  Associates,  Inc., 

Burl ington,MA) .  The  cable  connects  into  a  Narda  4609,  12.4  to  18  GHz, 
coaxial  to  wave  guide  adapter.  The  Narda  adapter  is  attached  to  a 
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20  dB  fiewlett-Pdckai'd  (iiP)  d  i r(.'(  li onal  coupler,  liiodel  nuii.iic-r  P/BPD. 

The  20  dB  coupler  couples  a  [lortion  of  the  signal  into  the  reference 
port  of  the  HP  8411  Haniionic  rrcHjuency  Converter  (irodified  with  Option 
018  to  extend  its  capability  from  12.4  to  18  GHz).  Ttie  imin  KF  sierial 
is  fed  into  a  second  directional  coupler.  This  second  HP  directional 
coupler.  Model  P7B2A,  couples  3  dB  of  the  signal  into  a  third 
directional  coupler  and  sends  the  rest  of  the  signal  into  a  matc'ied 
load.  The  third  HP  coupler,  model  number  P/52A,  is  used  to  couple 
3  dB  of  reflected  signal  from  the  sample  or  short  into  an  FXR  model 
Y641A  switch  and  then  into  the  test  port  of  the  harmonic  frequency 
converter  during  reflection  coefficient  measurements.  During  trans¬ 
mission  coefficient  measurements,  any  reflected  signal  coupled  through 
this  3  dB  coupler  is  switched  into  a  Waveline  Type  754  matched  load. 

For  transmission  coefficient  mcasureisents ,  the  RF  signal  which 
transmits  through  the  sample  is  routed  into  tfie  test  [lort  of  the 
harmonic  frequency  converter  through  a  PRD  Flectronics,  Inc.  Type 
1208  Isolator  and  the  switch.  The  transmitted  signal  through  the 
sample  is  terminated  in  a  matched  load  at  the  switch  during  reflection 
coefficient  measurements. 

The  harmonic  freciucncy  converter  provides  the  IF  signal  to  the  HP 
8410B  Network  Analyzer.  The  analog  amplitude  and  phase  ['orts  on 
the  front  of  tiie  HP  8413A  Phase-Gain  Indicator  are  read  by  the  computer. 
An  HP  Plug-In  20  KHz  Analog-lo-Dig  i  tal  Interface  Sybsyslri'n  located  in 
the  21MX  computer,  iiiachine  irodel  HP210BA,  converts  the  analog  inputs 
to  digital  values  used  for  computation.  A  Tektronix  4006-1  CRT 
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Tet'ininal  is  the  operator  control  center  for  saiaple  iM-asuri'-ients . 
Finally,  the  processed  mu  und  epsilon  data  are  routed  from  the 
cbiiiputer  to  the  HP  ?635A  Line  Printer  or,  for  plots  of  mu  and 
epsilon,  to  tlie  Tektronix  4631  Hard  Copy  Unit. 
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IV.  rrotniure 

1.  The  Sc.i  pie  is  prepared  by  cutting  a  9.5  x  0.8  cm  i  cctarigulcir  piece 
from  the  li.aterial  to  be  acfisured. 

la.  The  sample  is  cut  to  fill  the  sample  window  cocipletcly. 

lb.  The  thickness  of  the  sample  in  mils  is  deteriiiined  for  use 
in  the  computer  program. 

2.  The  frequericy  synthesizer  and  network  analyzer  are  turned  on  for 
a  half  hour  before  any  measurenients  are  to  be  taken. 

3.  The  frequency  synthesizer  and  network  analyzer  are  adjusted  for 
making  measurei;ients .  The  slider  section  in  the  sasiple  holder  ossembly 
is  positioned  with  the  shorting  plate  in  the  sectoral  horn  and  the 
reflected  signal  line  is  switched  to  the  test  port  of  the  harmonic 
frequency  converter  as  shown  in  Figure  1. 

3a.  The  local/remote  switch  at  the  back  of  the  frequency 
synthesizer  is  placed  in  local. 

3b.  The  Ku  band  midrange  frequency  of  15  GHz  is  entered  at  the 
frequency  synthesizer  keyboard  and  the  output  signal  power 
level  is  set  to  +3  dbm. 

3c.  The  network  analyzer  is  adjusted  to  read  0  dB  on  the  3  dB 
amplitude  scale  by  means  of  the  amplitude  vernier  and  the 
.mnplitude  gain  amplifier. 

3d.  The  amplitude  meter  is  switched  to  the  30  dB  scale  and  an 
additional  30  dB  is  added  to  the  test  signal  amplitude. 
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(Join  ,ii;.plifier  to  insure  on  .ideciuote  oiicrotirig  rc.n_:e  .•.'.c-n 
liiaking  iiiedsurci.i.’nts . 

3e.  The  pliose  offset  dial  on  the  network  analyzer  is  placed 
at  akO°.  This  value  is  arbitrary  since  the  coefficient 
pilose  i.icosui  oii.ents  are  only  difference  values  between  a 
reference  piiase  and  the  I'li-ise  associated  with  reflections 
off  and  transmissions  tin  ouyh  the  saisple. 

3f.  The  local/remote  switch  on  the  frequency  syntriesizer  is 
set  to  remote.  This  mode  enables  communications  between 
the  computer  and  frequency  synthesizer. 

4.  The  computer  program  is  initiated  and  a  statement  about  the 
sample  is  typed  in  for  use  as  a  heading  on  the  relative  mu/epsilon 
output  data  at  the  line  printer. 

4a.  The  sample  thickness  in  mils  is  entered  for  use  in  calcu¬ 
lating  the  relative  mu/epsilon  data  of  the  sample. 

4b.  The  beginning  and  ending  frequencies  in  GHz  are  entered 
next . 

4c.  The  number  of  frequencies  to  be  measured  is  entered.  The 
frequency  increment  is  determined  in  the  coi'ii'uter  routine 
by  the  equation 

fnd  frequency  -  Start  frequency 
'  No.  of  Frequencies  to  be  Measured  -  1 

This  routine  allows  the  first  frequency  measured  to  be  the 
start  frequency. 
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4d.  rtie  r.jin  listing  is  disjjliiyfd  cm  tiic  CRT  cind  the 

(JifM'actoristic  of  the  system  Ccin  now  iic  i ..:su red . 


5.  Under  idi’dl  conditions,  the  relative  iru  and  epsilon  values  are 

dell  (idned  using  the  free  sp.ice  volues  .-.nd  .  However,  it 

is  [lossible  to  H'Oc-sure  a  and  value  for  the  frequency  dor.ain 

system  which  has  sliglit  deviations  from  the  free  spucc  values.  These 

new  ii.easured  values  of  u  and  c  can  be  cciaplex  und  characterize 

how  well  the  frequency  domain  iiicasurcii.ent  system  approximates  free 

space.  A  typical  plot  of  and  characterizing  the  riieasureient 

system  is  given  in  Figure  6A  and  6B.  The  system  measured  values  of 

u  and  c  are  used  to  renormalize  the  relative  mu  and  epsilon  data 
0  0 

calculated  for  the  sample  prior  to  output. 

5a.  The  sample  holder  with  no  saiHple  installed  is  used  in  the 
system  characteristic  iMoasui omont. 

5b.  The  '  acting  plate  is  placed  at  the  center  of  the  iiorn 
assembly  and  the  reflection  signal  line  is  switched  into 
the  test  port  of  the  harmonic  frequency  converter. 

5c.  The  reflection  coefficient  measurement  routine  is  entered 
and  the  reference  values  are  liieasured  and  stored. 

5d.  At  tfie  end  of  the  rufctr-nce  mc.i'.uroi' cut  routine,  tlie  Scuiiple 
holder  window  is  placed  at  the  center  of  the  horn  assembly 
and  the  sample  ineasurement  routine  entered. 

5e .  At  tlie  end  of  the  sample  ini  .isuren'.ent  routine,  the  computer 
has  calculated  and  stored  the  reflection  coetficient  values. 
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gure  63.  Frequency  Domain  (Imaginary)  Chracteri stic  of  Mu  and  Epsilon 


5f.  At  this  time,  the  slider  is  repos  i  tioiu'd  with  liie  open 

reference  window  at  the  center  of  the  iiorn  asseinbly  and  the 
transmission  signal  line  is  switched  into  the  t(!st  [>ort  of 
the  harmonic  frequency  converter. 

5g.  The  transmission  coefficient  measurement  routine  is  entered 
and  the  reference  values  through  the  open  window  are  measured 
and  stored. 

5h.  When  the  reference  measurements  are  complete,  the  sample 
window  is  again  slid  to  the  center  of  the  horn  assembly 
and  the  sample  measurement  routine  entered.  The  trans¬ 
mission  coefficient  is  calculated  and  stored. 

5i .  At  this  point,  the  mu/epsilon  calculation  routine  is 
entered.  During  this  calculation,  the  thickness  value 
used  for  computation  of  mu  and  epsilon  is  ?00  mils  if  this 
is  the  first  n.oasurcment  run  after  entering  tfie  program. 

If  this  is  not  the  first  measurement  run  after  entering 
the  program,  the  thickness  value  used  for  calculation  is 
that  thickness  entered  at  the  beginning  of  the  program  for 
the  sample. 

5 j  .  The  system  characteristic  values  are  stored  for  r('normali- 
zation  of  sample  relative  mu  and  epsilon  values. 

6.  The  reflection  coefficietit  imasureinent  toutine  is  re  f  rdered  and 
the  sample  to  be  n.ea' ured  is  installed  in  tlie  s.Uiplc  holder. 

6a.  The  sample  holder  is  removed  from  the  slider  section  and 
placed  on  the  gauge  block  with  tiie  raised  section  inserted 
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in  the  Scuj/ple  window  such  that  the  set  screw  is  to  the 
right.  The  sample  is  inserted  and  pressed  finnly  agdinst 
the  raised  section  of  the  gauge  block.  The  set  screw  is 
adjusted  to  hold  the  sample  tightly. 

6b.  The  sample  holder  is  re-installed  in  the  slider  section 
with  the  set  screw  away  from  the  shorting  plate. 

6c.  The  mu  and  epsilon  values  are  determined  by  following  the 
steps  from  5b  to  5i . 

7.  The  relative  mu  and  epsilon  values  calculated  for  the  sample  are 
renormalized  and  then  routed  as  numeric  data  output  to  the  line 
printer  or  as  plots  to  the  hard  copy  unit.  When  the  plot  option  is 
used  to  display  the  output  data,  a  statement  about  the  sa)':ple  must 
be  entered  to  serve  as  a  title  for  the  plots. 


A  6 


To  deiiionstralG  the  feasibility  of  t!ic  ri..,..incy  c’l'iioin  i.eti'ure- 
i‘..nt  system,  fiberglass,  tv.'O  tiiiefnoss^s  of  plrAiglas,  leflon,  and  an 
rCM  fO  .tbsorbet  were  incdsured  and  their  relative  [irtmi  ttivi  ty  and 
pei  j abi  1  i  ty  values  calculated.  These  values  were  cGi!:pat'ed  to  tfie 
relative  permittivity  and  permeability  for  tfie  saaie  f ibc-njl ass , 
plexiglds,  teflon,  and  f  GM-40  absorber  materials  ir.easuied  on  the  time 
domain  system.  Because  the  frequency  domain  systoin  was  designed  to 
operate  in  the  Ku  band,  12.4  to  18  GHz,  and  the  time  domain  data  were 
valid  below  16  GHz  (Nicolson,  1974),  the  data  were  compared  between 
the  two  systems  only  from  12.4  to  16  GHz. 

E  X  J)  ep_t_e_d_  _Rg  s  ul  ts 

The  relative  permittivity  values  measured  for  fiberglass, 
plexiglas,  and  teflon  materials  are  provided  in  the  table  of 
dielectric  materials  given  below  (Hippel,  1958). 


Dielectric  Material 

T  °C 

.1  GHz_ 

•  3.  GHz 

3  GHz_ 

10  idiz 

bam i na ted  Pi bergl ass 

24 

c  ' 

4.8 

4.54 

4.40 

4.37 

tan 

6 

260 

240 

290 

260 

Plexiglas 

27 

c  ^ 

— 

2.66 

2.60 

2.59 

tan 

6 

62 

57 

67 

Teflon 

22 

c  ^ 

2.1 

2.1 

2.1 

2.08 

tan 

6 

<  2 

1  .5 

1.5 

3.7 

Values  for  tan  6  are  mul  tipi  it-d  by  lO"*. 


The  pGrmcability  value  for  tliese  dielectrics  is,  of  course, 
p  =  where  =  1  • 

It  is  not  known  whether  the  laminated  fiberglass  listed  in  the 
table  above  was  the  same  type  of  fiberglass  material  used  in  the 
thesis  w'ork.  However,  the  permittivity  value  given  above  coi:. pares 
extremely  well  with  that  value  obtained  on  the  time  domain  system  at 
10  GHz. 


Fiberglass  ^ mple 

The  time  domain  data  for  the  fiberglass  sample  are  given  in 
Figure  7A  and  7B.  The  plot  of  the  time  domain  data  is  for  a  single 
measurement  run.  The  frequency  doiiiain  data  for  the  fiberglass  sample 
are  presented  graphically  in  Figure  8A  and  8B.  The  frequency  domain 
data  are  the  statistically  averaged  relative  epsilon  and  mu  values 
from  ten  separate  measurement  runs.  It  is  assumed  that  the  data 
values  at  any  given  frequency  are  notmially  distributed.  The  standard 
deviation  is  depicted  on  the  plot  as  a  vertical  line  above  and  below 
the  mean.  A  complete  listing  of  the  average  values  of  relative 
permittivity  and  permr abil ity,  along  with  the  standard  deviation,  is 
presented  in  Table  1.  The  complex  permittivity  and  perneabi 1 ity 
values  calculated  for  the  fiberglass  sample  are  compared  for  the 
frequency  range  of  12.4  to  16  GHz  in  Table  11. 

First  Plexiglas  Sample 

The  complex  permittivity  and  per'meabi  1  i ty  values  me.isuted  on  the 
tirrre  domain  for  the  64.5  mil  plcxiglas  sample  are  plotted  in  Figure 
9A  and  9B.  Again,  these  data  are  for  a  single  measureii.ent  run.  The 
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SAMPLE =  FIBER  CLASS  134.5  MILS  10-8-80 


'onain  ; I  'a -i r.ary)  Data  for  134.5  mil  Fiberglass  Sample 


Hata  for  135  cii  1  Fioerglass  Sanpie 


BERG 


TABLE 

I 

SAMPLE: 

:  FI  BE 

ROLASS 

FREQUENCY 

DOMAIN 

DATA 

THICK 

IJf-'SS 

=  134. 

,5  MILS 

FREQUENCY 
(GHzJ  _  c'_ 

s 

s 

Pi 

s 

H 

y  _ 

s 

9.2 

1.25 

.05 

.26 

.04 

1  .39 

.04 

-.11 

.03 

9.6 

2.17 

.05 

.30 

.07 

1  .44 

.04 

-.11 

.03 

10.0 

3.07 

.07 

-.11 

.06 

1  .48 

.04 

.01 

.02 

10.4 

3.96 

.09 

-.38 

.06 

1  .21 

.02 

-.06 

.02 

10.8 

4.13 

.05 

-.19 

.10 

1  .00 

.02 

-.00 

.01 

11.2 

4.07 

.11 

-.18 

.08 

1.02 

.02 

.04 

.01 

11.6 

4.08 

.12 

.48 

.13 

1  .01 

.03 

-.12 

.03 

12.0 

4.60 

.14 

.54 

.26 

.94 

.02 

-.08 

.04 

12.4 

5.01 

.21 

.47 

.27 

.88 

.02 

-.07 

.03 

12.8 

4.83 

.17 

.36 

.16 

.92 

.02 

-.06 

.02 

13.2 

4.46 

.18 

.68 

.17 

1.00 

.02 

-.14 

.03 

13.6 

4.26 

.15 

.57 

.37 

1.05 

.02 

-.07 

.08 

14.0 

4.48 

.25 

.42 

.41 

1  .05 

.01 

-.04 

.11 

14.4 

4.69 

.23 

.03 

.34 

.98 

.01 

.03 

.08 

14.8 

4.74 

.11 

.16 

.19 

.96 

.01 

-.03 

.03 

15.2 

4.83 

.05 

.37 

.14 

.99 

.01 

-.05 

.03 

15.6 

4.27 

.08 

.76 

.14 

1  .03 

.01 

-.11 

.08 

16.0 

3.97 

.10 

.61 

.15 

1  .09 

.01 

-.11 

.03 

16.4 

4.14 

.10 

.13 

.14 

1  .05 

.01 

-.00 

.02 

16.8 

4.88 

.14 

-.60 

.15 

.91 

.01 

.09 

.02 

17.2 

5.72 

.27 

-.94 

.29 

.78 

.03 

.10 

.03 

17.6 

6.78 

.59 

-.04 

.62 

.67 

.06 

.02 

.  08 

18.0 

6.70 

.68 

.99 

.85 

.65 

.08 

-.06 

.13 

18.4 

6.56 

1.16 

1  .25 

.91 

.67 

.11 

-.07 

.11 

18.8 

4.45 

.54 

1  .44 

.46 

.92 

.09 

-.27 

.07 

19.2 

2.67 

.22 

1  .09 

.20 

1.37 

.06 

-.53 

.10 
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Real)  Data  fo 


fre.;uLncy  donioin  dota  for  a  65.5  mil  plcxiylas  s.iniple  is  ".liown  in 
Fiyui'c  lOA  and  lOB.  As  tioforp,  this  frccjutncy  doi.'.ain  data  is  tfie 
mr.'.n  and  standard  deviation  for  ten  data  runs.  The  mnan  and  standard 
deviation  calculated  for  the  mu  and  epsilon  values  are  piesenled 
in  Table  III.  The  comparison  for  the  time  domain  and  frecjuency 
dciiiain  data  is  pi  evented  in  Table  IV  for  the  frequency  range  from 
12.4  to  16  GHz. 

Second  Plexi^las_Sample 

The  time  domain  data  obtained  for  the  174  mil  plexiglas  sample 
are  presented  graphically  in  Figure  llA  and  IIB  for  a  single  measure- 
iiiont  run.  The  frequency  domain  data  for  the  174  mil  plexiglas  sail, pie 
are  presented  in  Figure  12A  and  1?B.  As  before,  the  frequency 
domain  data  are  the  moan  values  of  ten  runs  and  tlie  staiidard  deviations 
are  presented  in  Table  V.  The  comp.iri son  of  tlie  174  mil  plexiglas 
data  for  the  time  and  frequency  domain  systems  from  12.4  to  16  GHz 
are  given  in  Table  VI . 

Repeatabil i ^ 

The  statistics  developed  for  the  fi.jo.uency  domain  data  irrasurc- 
ments  show  the  repeatability  of  the  measun  i,.ont  tectinir;ue.  Huring 
each  of  the  data  runs  the  network  analyzer  was  turned  off  and  on, 
or  the  sample  was  reiiioved  from  the  s.uiiplo  holder  .-.nd  rc  -  ins  ( al  led . 

The  system  configuration  did  not  allov;  for  |'■owGr  tisioval  from  the 
computer  or  the  freijuency  synthesizer. 
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recuency  Do.r.aln  (ileal )  Data  fo 


tabu:  hi 


sample:  :  PII  XICI.AS 

rREQUENCY  DOMAIN  DATA  THICKJ.'TSS  =  65.5  MILS 


I RLQULNCY 


.  .(AHzl 

-- 

ii 

L 

s 

)i ' 

s 

II 

s 

9.2 

1 

.57 

.12 

1  .22 

.05 

1  .65 

.02 

.15 

.03 

9.6 

2 

.10 

.11 

1  .40 

.18 

1.39 

.06 

-1 

.12 

.03 

10.0 

2 

.54 

.11 

.69 

.21 

.93 

.05 

.83 

.09 

10.4 

2 

.23 

.06 

.25 

.07 

.73 

.05 

- 

.52 

.03 

10.8 

2 

.66 

.05 

.43 

.05 

1  .00 

.04 

- 

.31 

.03 

11.2 

2 

57 

.07 

.35 

.04 

1  .04 

.03 

- 

21 

.04 

11  .6 

2 

.68 

.04 

.23 

.04 

.83 

.01 

- 

.10 

.05 

12.0 

2 

62 

.04 

.16 

.06 

.89 

.02 

- 

05 

.05 

12.4 

2 

.71 

.04 

.11 

.07 

.94 

.03 

- 

03 

.04 

12.8 

2 

63 

.06 

.21 

.05 

.96 

.03 

.07 

.04 

13.2 

2 

60 

.05 

.26 

.05 

.94 

.04 

- 

09 

.03 

13.6 

2 

53 

.04 

.19 

.02 

1.01 

.03 

- 

06 

.03 

14.0 

2 

45 

.04 

.05 

.03 

1.10 

.03 

- 

04 

.04 

14.4 

2 

47 

.02 

-.06 

.02 

1.12 

.03 

- 

01 

.02 

14.8 

2 

53 

.05 

.07 

.04 

1.15 

.03 

00 

.01 

15.2 

2 

60 

.05 

.17 

.06 

1.13 

.03 

03 

.02 

15.6 

2 

51 

.03 

.32 

.03 

1.05 

.04 

- 

04 

.02 

16.0 

2 

38 

.03 

.29 

.03 

1  .03 

.03 

- 

13 

.02 

16.4 

2 

48 

.03 

.05 

.04 

1.05 

.02 

- 

06 

.02 

16.8 

2 

61 

.04 

-.25 

.04 

1.06 

.03 

- 

09 

.01 

17.2 

2 

75 

.05 

-.18 

.03 

1  .00 

.02 

10 

.03 

17.6 

2 

73 

.03 

.10 

.03 

1  .00 

.03 

01 

.02 

18.0 

2 

72 

.04 

.30 

.03 

.95 

.03 

08 

.03 

18.4 

2 

65 

.  06 

.38 

.04 

.95 

.03 

- 

18 

.03 

18. 8 

O 

i. 

56 

.05 

.37 

.03 

1  .01 

.02 

- 

21 

.04 

19.2 

2 

42 

.06 

.30 

.06 

1  .15 

.04 

18 

.('4 

60 


SAMPLE  PLEXIGLASS  174  HI 


6? 
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TABLE  V 


SAnPlE;  PIJ^IOAS 


FREQUENCY  OOE 

IAIN  DATA 

1 

iilCKRESS 

-  174 

MILS 

REQUENCY 

,  II 

(GHz)  _  _ 

c ' 

s 

e'( 

s 

s 

9.2 

1.12 

.03 

01 

.04 

1  .09 

.03 

.06 

9.6 

1  .52 

.05  - 

00 

.07 

1  .29 

.05 

.05 

10.0 

1  .95 

.07 

13 

.09 

1  .38 

.07 

.03 

10.4 

2.39 

.03  - 

.21 

.04 

1  .13 

.02 

-  .08 

10.8 

2.60 

.04  - 

.11 

.04 

1  .00 

.01 

-  .01 

11.2 

2.51 

.07  - 

.08 

.05 

1  .02 

.02 

.01 

n  .6 

2.45 

.04 

.21 

.04 

1  .04 

.03 

-.10 

12.0 

2.54 

.07 

.25 

.05 

.94 

.03 

-  .07 

12.4 

2.71 

.10 

.21 

.07 

.91 

.01 

-  .07 

12.8 

2.69 

.10 

.15 

.07 

.95 

.01 

-  .  07 

13.2 

2.57 

.05 

.30 

.06 

1  .01 

.01 

-  .1  0 

13.6 

2.56 

.04 

.32 

.05 

1  .01 

.02 

-  .07 

14.0 

2.64 

.03 

.25 

.04 

1  .01 

.01 

-  .04 

14.4 

2.76 

.03 

.01 

.05 

.95 

.01 

-  .00 

14.8 

2  .72 

.04 

.06 

.03 

.98 

.01 

-.03 

15.2 

2,60 

.03 

.10 

.02 

1  .00 

.01 

-  .04 

15.6 

2.51 

.03 

.20 

.04 

1  .03 

.01 

-  .  06 

16.0 

2.39 

.04 

.17 

.05 

1  .07 

.01 

-  .  06 

16.4 

2.44 

.04 

.16 

.04 

1  .05 

.02 

-.02 

16.8 

2.68 

.04  - 

.08 

.04 

.96 

.01 

.  05 

17.2 

2.83 

.08  - 

.38 

.08 

.88 

.01 

.10 

17.6 

3.14 

.08  - 

.37 

.09 

.83 

.02 

.06 

18.0 

3.19 

.10  - 

.07 

.07 

.84 

.03 

-  .  00 

18.4 

3.94 

.39  - 

.31 

.26 

.72 

.04 

.  02 

18.8 

2.96 

.24 

.66 

.11 

.90 

.04 

-.19 

19.2 

1  .63 

.07 

.77 

.06 

1  .31 

.04 

-  .  53 
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Ti‘i  '(in  r,::  (  le 

Ttie  tii.iG  diir.iiin  dcita  for  the  teflon  j,(iiiiple  ui'e  yiven  in  fiyure 
13A  and  13B.  liiG  j'lot  of  the  tiii.o  dt:;,din  data  is  for  a  sinyle 
:  . -eiit  run.  The  fre-;uency  ijo.';Hiin  data  for  tf)e  teflon  ;>le 

is  jrto.iited  yrnjTrical  ly  in  fiyure  14A  and  14B.  The  f(eo,;o  iicy 
diioain  data  plots  uie  for  a  single  ii:Cc:sureiiicnt  run.  A  complete 
listing  of  the  frt-ijuoncy  doiiiain  data  is  given  in  Table  VII.  The 
comparison  of  tiiiie  mid  frequency  cJtr.ain  dota  is  picsentod  in 
Table  VIII  for  the  frequency  range  from  12.4  to  16  GHz. 

FGfl-40  Absorber  Sample 

file  IGM'40  absorber  is  composed  of  ferrites  in  silicon  ii.hber. 

It  is  an  Fccosorb  high-loss  microv.'ave  obsorber.  The  relative  mu  ond 
epsilon  values  calculated  for  the  I  GM-40  .d  sorber  on  the  tire  do.rain 
system  are  presented  graphically  in  figure  ISA  .-.nd  1  bB .  The  Ticquoncy 
domain  data  of  relative  inu  and  epsilon  are  gr'aphically  presented  in 
Figure  16A  and  16B.  Both  the  time  domain  and  frequency  dociain  plots 
are  for  a  single  ii.r.icureicent  run.  The  complete  listing  of  lel,;  tive 
mu  and  epsilon  values  li-easured  with  the  frcqiieiicy  drurnmn  system  is 
given  in  Table  IX.  The  cerporison  for  tfie  tic'C-  d'-  .ciin  '.oid  fr.  . .,viicy 
doi.ain  data  fro.n  12.4  to  16  GHz  is  given  in  Tuhle  X. 

Coii'pari  son  of  tirio  end  frequ.Micy  domain  dula  joints  up  a  problem 
in  tlie  frequency  do, .tin  ddta.  Alttiough  the  p(  ism  ability  follows  a 
similar  trend  as  that  from  tlie  tiii'O  doMiain,  it  is  seen  that  the  real 
part  of  the  permittivity  was  approximately  26?,  below  the  values 


TABl.E  VII 


SAMPLE;  T ELI  ON 


FREQUENCY  DOMAIN  DATA 


rmcKNLss  =  ICO  mi  is 


UENCY_(GH^ 

EPSILON 

MU 

9.2 

1 .08-J.04 

1 .05+0.01 

9.6 

1 .32-J.03 

1 .20-0.04 

10.0 

1 .59-J.12 

1 .24-0.03 

10.4 

1 .90-J.19 

1 .14-0.05 

10.8 

1 .98-J.09 

1  .01+0.01 

11  .2 

1  .94-J.ll 

1 .04+0.02 

11  .6 

1  .91+J.lO 

1 .03-0.11 

12.0 

2.03+0.13 

.96-0.08 

12.4 

2.19+0.21 

.95-0.05 

12.8 

2.12+0.17 

.97-0.05 

13.2 

1 .98+0.22 

1  .01-0.10 

13.6 

1  .95+0.21 

1 .01-0.08 

14.0 

2.04+0.16 

1  .01-0.05 

14.4 

2.11+0.05 

.98-0.02 

14.8 

2.08+0.06 

.98-0.04 

15.2 

2.07+0.06 

1 .02-5.03 

15.6 

1 .99+0.11 

1.05-0.07 

16.0 

1 .90+0.14 

1 .06-0.07 

16.4 

1 .92+0.09 

1 .03-0.05 

16.8 

2.07-0.01 

1 .01+0.01 

17.2 

2.20-0.10 

.97+0.03 

17.6 

2. 26+0. no 

.01-0.02 

18.0 

2.36+0.07 

.88-0.04 

18.4 

2.3440.16 

.88-0.07 

18.8 

2.14  1 6. 32 

.94-0.14 

19.2 

1  .P/'-*  0.44 

1 .07-0.24 

/3 
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FREQCuHZ) 


TABLE  IX 


SAMPLE:  IGM-40  ABSORBER 


LRt  QLIENCY  DOMAIN  DATA 

THICKNESS  =  38.5  M 

FREQUENCX.lGHzl 

f  PSI  LON 

MU 

9.2 

2.7S+J2.83 

1  .42-J.57 

9.6 

12.87+J4.54 

2.43+J.98 

10.0 

12.73+Jl .71 

2.02+J3.53 

10.4 

18.63+J2.21 

1  .47  +  J2.40 

10.8 

20.27+J2.21 

1  .02  +  J2.06 

11  .2 

20.57-J.15 

.85+J2.05 

11  .6 

22.38+J2.17 

.91+Jl  .98 

12.0 

24.26+J3.07 

1  .00+Jl  .78 

12.4 

24.29+J2.95 

1 .07+Jl .79 

12.8 

22.64+J2.02 

1 .03+Jl  .77 

13.2 

21 .60+Jl .63 

.96+Jl .69 

13.6 

21 .77+J.93 

.S4+J1 .67 

14.0 

23.15-J.54 

.9C+J1 .52 

14,4 

24.76-Jl .57 

.91+Jl  .52 

14.8 

26.07-J.39 

1  .10+Jl .48 

15.2 

24.34+J3.78 

1  .17  +  Jl .08 

15.6 

22.34+J5.27 

.94+Jl .77 

16.0 

20.99+J2.55 

.65+Jl  .71 

16.4 

24.83-Jl .88 

.48+Jl  .43 

16.8 

27.81-J2.77 

.35+Jl .27 

17.2 

30.15+Jl  .26 

.44+Jl  .17 

17.6 

26.52+J4.60 

.62+Jl  .24 

18. 0 

24 .03+J3.91 

.71+Jl  .24 

18.4 

22.23+Jl .48 

.52+Jl  .22 

18.8 

20.94+J.87 

.49+Jl .31 

19.2 

20.17+Jl .14 

.54+Jl .51 
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iiie.isui  ed  on  llic  time  dn;. ain  .md  the  ii'afjiiiury  part  of  Uio  pf  i  ia  i  Lt  i  v  i  ty 
from  the  fti'i.urncy  domain  i..r,i'ujr<-meiit  auld  not  be  cuiipared.  noting 
lO'-ts  of  tfic  (d.iLetnont  of  the  samiile  ri;l<.'t?ve  to  the  .‘horting  ,ol<jte, 
it  v.'as  Sf'cn  that  tlie  inioyiiidry  permittivity  pcKtii-etcr  '..as  very  "fnisi- 
tive  to  position  within  the  sample  holder.  Also,  tite  I  C!-', -'10  ra  pie 
was  seen  to  deform  slightly  when  it  was  inserted  into  the  sample 
window.  This  effect  could  not  occur  on  the  other  harder  samples  of 
plexiglas,  fiberglass  and  teflon.  These  factors  inay  give  a  clue  to 
the  poor  to  ;['arison  of  data  for  this  sa^'^ple.  Unfortunately,  time 
did  not  permit  extensive  investigation  in  this  area. 


VI  ,  f  !.cl  I'  IIS  ,:!)d  :  •  !,d,;L  i...iis 

<'  I  <;1  US  i uns 

A  Tt's  cy  ilcsiain  isousuruiiont  systt-i.i  wus  di  vi  lL'  t-d.  liiG 
intrinsic  ;ji  s-i'cr  ties  of  fiforyluss,  t.vo  Lli  i  ^('S  of  ploxiylds, 
teflon,  and  an  1  t-.M-40  absorber  va  re  iscosured  on  the  f m-u'ency  do-sa in 
and  tiiae  domain  systems  and  compared.  On  tl;e  basis  of  the  rt suits 
obtained  from  the  frerjuency  domain  syt-n',  I'ne  following  conclusions 
are  drawn: 

1.  The  feasibility  of  measuring  intrinsic  prcierties  of  naterials 
using  a  freeu  ncy  ain  {ni.i'niq;;e  !  as  bt  i  n  shorwn. 

2.  Ropoatabi 1 i ty  was  investigated  for  the  two  thicknesses  of 
plexiglas  and  fiberglass.  Repoatabil  i  ty  of  measure,  ent  was  extreisely 
good  in  the  case  of  the  iwo  thicknesses  of  plexiglass,  but  began  to 
show  a  problem  in  the  iii.iginary  part  of  tlie  permittivity  of  fiberglass. 

3.  The  coi,.|;,ir  i  •  on  of  data  f.et.'.een  the  tii,.G  ff.'ain  ,'.nd  frrquiiicy 
domain  system  was  good  for  tlie  plexiglas  and  ieflon.  The  fi'ierglass 
data  began  to  siiow  soa'o  on  or,  es'i-eially  in  ttio  uiw  a  of  liie  imaginary 
i  ,;i  mi  ttivi  ty . 

4.  The  greatest  error  was  Men  when  mi  I'ui  ing  ttie  1  h'',*40 
absorher.  Although  the  pc  r.  ,  <;bi  1  i  ty  t,  --oiii  well  fur  iaith  'he  tiiae 
domain  and  fnciuency  domain  data,  the  ical  juii  t  of  tl,e  (a  rmi  1 1  i  vi  ty 
was  a  pprox  ii  a  t  cly  ?b7  below  tliat  of  the  time  domain  a.nd  tiie  in, aginary 

;-.2 
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part  of  the  pc-nnittivity  was  not  ci.::ipdrabl e . 

5.  The  ref inciDont  of  the  saniple  holder  und  slider  scrction  may 
result  in  smaller  errors  than  those  seen  in  tliis  study.  This 
observation  is  drawn  from  experience  gained  during  troubl e-shuoti ng 
problems  in  the  sample  holder-  area. 

6.  A  possible  cause  of  error  in  the  frequency  dosiain  data  of 
the  rGM-40  absorlior  material  may  have  been  distortion  of  the  sample 
during  insertion  into  the  sample  window.  Unlike  the  other  materials 
tested,  the  FGM-40  absorber  was  rubbery  and  easily  compressed. 

Recoi'  .'i  iO  ndatjons 

Based  on  the  assursptions  staled  initially  and  observations  made 
during  the  investigation,  the  following  recoum.-endations  are  proposed 
for  further  study: 

1.  The  high  VSWR,  which  ranged  up  to  10  at  18  GHz,  at  the  test 
and  reference  poi'ts  of  the  frequency  converter,  could  be  investigated 
as  a  source  of  error. 

2.  The  sensitivity  of  reflection  coefficients  to  the  )'efcrcnce 
shorting  plate  and  sample  position  within  the  sample  holder  could 

be  investigated. 

3.  A  computer  model  could  be  developed  to  investigate  the 
H-plane  sectoral  horn  plane  wave  approximations  to  TEM  waves  used  in 
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this  tln'sis  and  how  this  opproxi:.,dt  ion  rolatcs  to  tiie  Stnuples 
intrinsic  property  im  asuresicnts  . 


4.  A  system  characteristic  was  used  to  renormalize  the  relative 
mu  and  epsilon  values.  An  investigation  could  be  done  to  determine 
if  a  better  teclmique  were  possible  for  removing  inlierent  system 
error. 
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Al  l'Ciulix  A 
Control  Software 

T!ie  oporating  systc-in  controls  the  Mewl  ctt- Packard  network  analj'/cr 
and  Watkins  and  Johnson  frequency  synthcsi7er  during  |)arai;.etc-r  mrasurc- 
iiicnts.  The  software  and  system  relationship  is  diagrai:i:;ied  below. 
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IF  (Nl'L.EQ.l)  CALL  SCL(LAr<GE,NCf’,IRY4,IKYS) 
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LrtDfLS  "Kf:LATIl'E  MU  AND  EP 


AMY4-.:  AMY-4-  FLOAT  (NYl  )  X1  000  .  /  (  1  0  .  xx-FN  ) 
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SUBROUTINE.  POINT  (IX, lY) 
DIMENSION  10(4) 
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APPl  NDIX  B 


First  J^st  Setup  of  Frotjucncy  Domain  I'rasureii.ent  System 

The  equipment  used  in  the  first  test  setup  of  the  frequency 
domain  measurement  system  will  be  described.  Then  the  pijcedures 
used  to  iiicdsure  fiberglass  and  two  thicknesses  of  plexiglas  will  be 
discussed.  Finally,  the  relative  complex  inu  and  epsilon  values 
measured  for  the  fiberglass  and  two  thicknesses  of  plexiglas  will 
be  presented. 

Equi  pmepjt 

The  equipment  used  to  support  this  thesis  test  setup  consisted 
of  a  frequency  synthesizer  which  served  as  the  signal  source,  a 
network  analyzer  used  for  making  relative  decibel  a;nplitude  and 
phase  measurements,  an  anechoic  chamber  used  for  the  transmission 
coefficient  measurements,  a  sectoral  horn  assembly  used  to  make  the 
reflection  coefficient  measurements,  and  a  Flewlett-Packard  21MX  RTE 
computer  used  to  control  the  mcnisuroment  setup.  The  complete  measure¬ 
ment  setup  is  diagramed  in  Figure  18. 

The  power  source  was  a  Watkins  and  Johnson  model  1204-1; 
rapidly  tunable  over  a  frecjuency  range  of  0.1  -  26  GHz.  The  following 
information  was  taken  from  the  Watkins  and  Johnson  1204-1  specification 
sheet.  The  frequency  resolution  v;as  10  kHz  from  100  MHz  to  249.99  MHz, 
100  kHz  from  250  MHz  to  1.9999  GHz,  and  1  MHz  from  2-26  GHz.  The 
frequency  was  displayed  with  a  five-digit  lED,  in  GHz,  with  floating 
decimal.  The  frequency  accuracy  v/as  >0. 000351'  for  180  days  over  a 
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Frequency  Dona  in  Measurement  Test  Setup 


0  -  bO°  C  range.  A  single  frecjuency  could  tie  selected  on  ttie  keyloard 
with  the  enter,  LNT,  button  and  displayed  on  ttio  ll.D.  The  fre(]uency 
could  be  slewed  up  or  down  in  1,  10,  and  100  Ml)/  'teps  as  selected 
on  the  INCRLMtNT  controls.  The  synthesizer  sweeps  repetitively 
upward  within  ttie  following  bands;  0.1  -  1  GHz,  1  -  2  GHz,  2-8  GHz, 
8-13  GHz,  13-18  GHz,  and  18  -  26  GHz.  The  aF  syimietr i cal  sweep 
about  phase-locked  center  frequency  F  which  was  displayed  on  the 
LED  readout  was  0  to  +0.1ii  of  F  .  The  synthesizer  provides  0  dBm 
(1  mw)  minimum  leveled  output  power.  The  variations  in  leveled 
power  for  the  0  dB  attenuator  setting  was  -1  dB  over  the  range  of 
0.1  -  26  GHz.  The  output  power  could  be  attenuated  over  a  range  of 
0  to  90  dB  in  10  dB  steps.  The  output  power  accuracy  (fiiCter  reading 
plus  attenuator  setting)  was:  *0  dB  attenuator  setting,  0.1  -  18  GHz, 

+  1  dB  and  18  -  26  GHz,  ‘1  dB;  10  dB  -  90  (iB  attenuator  setting,  *2  dB 
and  18  -  26  GHz,  *2.5  dB . 

The  network  analyzer  was  a  Hewl ett-Packard  Model  8410A  with  a 
phase-gain  indicator.  The  8413A  phase-gain  indicator  used  a  meter 
display.  The  8411A  harmonic  frecjuency  converter  provided  RF-to-IF 
conversion.  Measurements  wore  based  on  the  use  of  two  wideband 
samplers  to  convert  the  input  frequencies  to  a  constant  IF  frequency. 
RF-to-lF  conversion  took  place  entirely  in  the  iiannonic  frequency 
converter,  which  converted  frequencies  over  a  ronge  of  12.4  -  18  GHz 
to  20  MHz  IF  signals.  The  phase  and  amplitude  of  the  two  RF  input 
signals  were  maintained  in  the  IF  signal.  The  nelwc'rk  analyzer 
mainframe  provided  the  phase-lock  circuitry  to  maintain  the  20  MHz 
IF  frequency  while  frequency  was  being  swept,  took  the  ratio  of  the 


132 


reference  and  test  cliannels  by  use  of  identical  AGC  amplifiers,  and 
then  converted  down  to  a  second  IF  of  2/8  kfiz.  It  also  fiad  a  precision 
0  to  69  dB  IF  attenuator  with  10  and  1  dB  steps  for  ficcurate  IF 
substitution  ineasurements  of  gain  or  attenuation. 

The  frequency  domain  measurement  setup  utilized  the  following 
piece  of  equipment  during  data  measureiiients;  a  plug-in  for  the 
8410A  mainframe,  the  8413A  phase-gain  indicator.  It  compared  the 
amplitudes  of  the  two  IF  signals  and  provided  a  meter  readout  of 
their  ratio  directly  in  dB  with  0.1  dB  resolution.  It  also  compared 
phase  in  degrees  over  a  360°  unambiguous  range  with  0.2°  resolution 
on  the  meter.  Phase  difference  was  presented  on  the  same  meter  when 
the  appropriate  function  button  was  depressed.  This  plug-in  had  two 
analog  output  ports  accessible  from  the  front,  one  for  dB  amplitude, 

20  mv/dB,  and  one  for  phase,  50  mv/degree. 

The  anechoic  chamber  was  a  9.5  ft  x  3  ft  x  3  ft  upright  box 
structure  as  sliown  in  Figure  19.  The  outer  structure  was  niade  of 
2  in  X  6  in  boards  covered  with  1/2  inch  plywood.  The  inner  structure 
was  1/2  inch  plywood  supported  by  2  inch  x  4  inch  boards.  The  1/2  inch 
plywood  inside  of  the  chamber  was  covered  with  4  inch  thick  CV-4 
radar  absorbing  material  (RAM).  At  the  middle  of  the  chamber,  a 
2  inch  thick  styrofoam  square  and  AM-74  RAM  square  provided  a  table 
top  support  area  for  the  test  sample.  An  8  inch  square  hole  was  cut 
in  the  table  top  to  provide  a  window  for  signal  transmission.  At  the 
top  and  bottom  of  the  anechoic  chaii'ber,  there  were  3  square  inch  holes 
cut  to  allow  access  for  horn  antennae.  A  hinged  door  was  located  at 
one  side  of  the  chaiDber  to  allow  easy  insertion  and  removal  of  samples 
to  be  tested. 
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An  H  plane  sectoral  horn  was  desi'jtied  ntid  built  for  tiiis  jn  eject 
using  formulae  from  Jasik,  pages  10-S  and  10-9.  An  ii.iprovtd  free 
space  match  was  obtained  by  introducing  a  set  of  la.rallel  plates 
coupled  with  a  sot  of  curved  cylinders  at  the  mouth  of  the  horn. 

The  horn  is  depicted  in  Figure  ?0.  Flic  tlieoretically  computed  phase 
variations  across  the  a()erturc  v.cre  49./°  at  12.4  GHz  to  71.7°  at 
18  GHz. 

The  Hewlett-Packard  21MX  coiaputer  was  used  to  control  the  data 
measurement.  The  frequency  synthesizer  was  commanded  to  a  discrete 
frequency  by  the  computer  atid  a  data  irrasure'sent  was  taken  through 
the  computer  A/D  converted,  connected  to  the  network  analyzer.  The 
disk  subsystem  and  I/O  devices  were  used  to  store,  process,  and 
display  the  results  of  a  data  run.  The  software  used  in  the  coiiiputer 
for  the  test  setup  was  an  earlier  version  of  that  given  in  Appendix  A. 

Pi  ocedui 

Tiie  procedure  followed  in  measuring  the  complex  mu  and  epsilon 
values  of  a  test  sample  involved  the  preparation  of  the  sample, 
initialization  of  tlio  co.iiputer  i.royram,  setup  and  n.oasureiiient  of  the 
reflection  coefficient  values,  setup  and  measurement  of  the  trans¬ 
mission  coefficient  values,  data  calculation  to  obtain  mu  and  epsilon, 
and  data  output  to  present  the  mu  and  epsilon  values. 

In  preparing  the  sample,  a  one  s(|uare  foot  piece  of  test  iiaterial 
Wds  used.  From  the  one  square  foot  piece  of  isuterial,  a  sisall  strin 
0.8  inches  in  width  was  cut  f roai  one  side.  The  0.8  inch  wide  piece 
of  test  material  was  used  in  tiie  sectoral  horn  for  reflection 
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coefficient  ineasut'ciients .  During  reflf'ction  coefficient  r.cnsui  e,.  ents  , 
the  Sd'.'iple  piece  was  placed  directly  on  the  iiiouth  of  the  fiorn  vhic-re 
the  parallel  plates  were  attached.  The  larger  piece  of  tire  soinple 
was  placed  inside  the  anechoic  charaber  during  transmission  coefficient 
measurements . 

Once  the  sample  pieces  were  prepared,  the  computer  program  was 
initialized.  The  operator  entered  a  comment  stateinent  that  identified 
the  sample.  This  stateaient  was  printed  as  the  heading  for  the  line 
printer  output  of  the  mu  and  epsilon  values.  The  thickness  of  the 
sample  was  entered  next.  Then,  the  start  and  stop  frequencies  were 
entered  and  the  number  of  discrete  frequencies  at  which  measurements 
occurred  were  entered.  At  this  point,  the  operator  entered  the 
portion  of  the  that  makes  reflection  coefficient  [leasurements . 

For  the  reflection  coefficient  measurements ,  the  sectoral  horn 
was  switched  into  the  network  by  P'.anually  setting  switch  number  one 
(the  switch  feeding  power  to  the  horn)  to  the  right,  and  switch  number 
two  (the  switch  connected  to  the  test  signal  port  of  the  converter 
unit)  to  the  left.  The  shorting  plate  was  placed  on  the  horn  at  the 
location  previously  described  for  the  sample.  The  network  analyzer 
gain  arnplifier  was  set  to  13  dB.  The  frequency  synthesizer  power 
output  was  set  to  zero  dB.  The  operator  commanded  the  co-njiuter  to 
step  the  frequency  synthesizer  across  the  frequency  range  to  obtain 
a  background  reference  for  the  short.  Next,  the  sample  was  placed 
in  the  horn  and  the  operator  allowed  the  computer  to  step  through 
the  frequencies  again.  The  computer  determined  the  difference  between 
the  two  sets  of  values  and  stored  these  differences  as  the  reflection 
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coeff  icients.  Now,  ttie  ojiorcitor  eiiteix'd  the  portion  of  the  inoijirtiii 
to  e'ldain  t  ransiii  i  cs  i  on  coefficients. 

file  lanje  'ample  piece  vws  used  for  deteriiii n i ng  the  transmission 
coefficients.  The  gain  amplifier  on  the  network  cuwly/er  was.  set  to 
41  dB.  The  anechoic  chamber  was  switched  into  the  network  by  placing 
switch  one  to  the  left  and  switch  tv/o  to  the  right.  The  aiiecfioic 
chamber  was  set  up  first  with  nothing  over  the  4  inch  souare  window 
on  the  table  assembly.  The  ofierator  allowed  the  computer  to  measure 
the  open  window  across  the  frctjuency  range  for  a  reference  background 
measurement.  Next,  the  sample  was  placed  flush  against  the  table 
surface,  centered  on  the  4  inch  square  witidow.  The  first  set  of  values 
for  the  sample  transmission  coefficients  was  determined  and  stored  in 
the  computer.  Next,  the  samole  was  offset  with  two  shims  that  were 
0.5  cm  thick  and  a  second  sot  of  transmission  coefficients  was  measured. 

The  two  sets  of  values  were  averaged  to  obtain  a  single  set  of  values 
as  the  transmission  coefficients.  This  piocedure  was  performed  to 
help  compensate  for  the  intierent  VSWR  within  the  anecl)Oic  chamber. 

At  this  point,  tlie  data  needed  to  compute  mu  and  epsilon  had  been  obtained. 

The  data  calculation  to  obtain  the  complex  mu  and  epsilon  values 
was  now  performed  by  the  comfiuter  at  the  operator's  request.  The 
system  was  ready  to  output  tliis  data  as  hard  copy  at  the  line  printer 
or  as  plots. 

The  output  could  be  requested  in  the  form  of  hard  copy.  This 
out[)ut  gave  ttie  frequency  in  MHz  and  the  mu  .aid  epsilon  values  scaled 
up  by  a  factor  of  100.  A  second  program  was  loaded  into  memor'y  at 
the  request  of  the  operator  to  produce  plots. 
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The  plot  program  was  requested  from  the  liiain  program.  It 
required  a' sta temcnt  about  the  sample  for  use  as  a  title  on  the  plots. 
The  output  was  produced  on  the  CRT  of  the  computer  and  auto:r,atical  ly 
copied  to  a  Tektronix  hardcopy  unit.  At  the  direction  of  the,  operator, 
the  main  program  was  reentered  and  tenin'nated. 

Fiberglass  Sample 

The  frequency  domain  data  for  the  fiberglass  sample  is  given 
in  Figure  21A  and  21B.  The  frequency  domain  values  of  relative  mu 
and  epsilon  between  12  and  18  GHz  are  compared  to  the  time  don.ain 
data  from  Figure  7A  and  7B  in  Table  XI. 

First_  Plexiglas__Sample 

The  frequency  domain  data  for  the  64  mil  plexiglas  sample  is 
given  in  Figure  22A  and  22B.  The  frequency  domain  data  between  12  and 
18  GHz  is  compared  to  the  time  domain  data  from  figure  9A  and  9B 
in  Table  XII . 


Seconc^  Plexiglas  Sample 

The  frequency  domain  data  for  the  172  mil  plexiglas  sample  is 
given  in  Figure  23A  and  23B.  The  frequency  domain  data  between  12  and 
18  GHz  is  compared  to  the  time  domain  data  from  Figure  llA  nnd  IIB 
in  Table  XIII. 
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Figure  2'.A.  Frequency  Donain  (R.al)  Data  for  142  mil  Fiberglass  Sample 


AMPLE 
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igure  2'.3.  Fregaer.cy  joniain  (lir, aginary)  Data  for  142  nil  Fiberglass  Sanple 
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20  A  ?S  T  R  A  C  T  (C.T,  f -nue  <-fi  ;#■  ver  fl  I  d*>  f/  mrt  <“  f>  ?>  J  1  »t,) 

Using  frequency  doinain  techniques,  a  system  was  developed  to  liica^ure  the 
coi.plex  permittivity  and  permeability  of  diffcient  isaterials  in  the  Ku  band 
(12.4  to  13  GHz).  A  sample  of  fi  ber.jl  ass ,  teflon,  IGM-'O,  ^vd  two  different 
plexiglas  configurations  v;gi-p  chosen  For  this  experiment.  The  newly  developed 
measuring  system  consisted  of  a  twe  hori zontal - pi ane  sectoral  horn  and  a  sample 
iiolder  assembly.  A  9.5  x  0.8  cm  piece  of  the  sample  material  was  cut  and  fitted 
into  the  san.ple  holder  assembly.  The  reflection  and  transmission  coefficients 
for  the  sa'  pie  were  larasured,  using  a  network  analyzer  and  frequency  syntticsizer 

DO  1473  OF  I  N  ■  V  ‘  F.  :  S  r  y  ^.ot  F  r  E  f  I  ^  I  f  H  0 
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as  the  sv.'ept  fn'cjuf'ticy  sifjnal  source.  A  dcdic.ilfd  rusputcr  (a.li  ulct'd  llie 
n'Cip.lex  pC'i  (ill  t  ti  vi  ty  and  pm,..' abil  i  ty  and  plottfd  ttie  C'ut;  ut  data.  Die 
idcasui'Liiicnts  wi'ro  per  formed  automatically  by  baving  the  cciisi'uter  rcnitrol 
the  frequency  syntliesi/er  while  running  the  exper iia.-nt . 

The  two  configurations  of  plexiglas  and  the  fi!,'i  i  glass  sacplc  wi  re  li  sted 
ten'  tipios  to  obtain  a  statistical  represintation  of  the-  insults.  In  all  ra'.es 
good  repeatabi  1  i  ty  ivas  obtained.  The  st/.ndard  deviation  of  the  i  .  al  ;,jrt  of 
the  permittivity  and  penmabi  1  i ty  for  the  two  cases  of  plexiglas  v.as  within 
+  4T  of  the  mean.  The  fiberglass  had  a  typical  standard  deviation  witln'n  1 
of  the  ifiean  for  the  real  part  of  the  permittivity  and  perii.iabi  1  i ty , 

The  permittivity  and  permeability  obtained  for  the  selected  s,-;;  pips  using 
the  frequency  domain  measurement  techniijue  were  compared  with  the  results 
obtained  in  a  previously  developed  systinn  which  used  tii.ie  dorain  tnclininues. 
The  data  comparison  between  the  two  systoms  was  good  for  teflon,  plexiglas, 
and  fiberglass  in  the  frequency  range  from  12.4  to  16  GHz.  Some  variations 
were  noted  for  the  FGM-40.  Since  the  results  obtained  were  generally  con¬ 
sistent  between  both  techniques,  it  is  claimed  that  the  newly  irr.pl eincn ted 
frequency  domain  system  is  a  viable  alternative  for  the  rapid  measurement  of 
intrinsic  properties  in  the  Ku  band. 
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